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PREFACE 


The present edition of tliis text, the fourth since the book first 
appeared in 1923 , includes a considerable amount of additional 
material. An attempt has l>ecn made, as in earlier editions, to 
incorporate recent advances in botanical knowledge, which now 
seem well established, and topics that have come into promi¬ 
nence through the researches of recent years. Among these 
are included antil)iotics, plant tissue culture, allometric growth, 
hydroponics, viruses, the use of “tagged” atoms, the genetics 
of Neurospora, the relation of g(*nctics to evolution, vitamin 
physiologj', and similar subjects. It is hoped that the inclusion 
of such fields of work as these, around which intensive research 
is being centered, wiW help to emphasize to the student the 
active progress that botanical science i.s making today. 

A new chapter on plant di.stribution has been added, justified 
by the importance of tliis subject and the interest in it that has 
arisen during the war and will presumably increase as air travel 
becomes more general. The chapter on Uryophytes has been 
entirely rewritten by my colleague, Profe.ssor Hempstead Castle, 
an authority in this field, who has extended the treatment of 
the group and brought it into harniony with the results of 
modern research. A final chapter, “Botany and the Future, 
endeavors to present some of the most active fieUls of leseaich 
today and their probable development in the years ahead, 
together with a brief statement of where these studies are being 
conducted and the journals in which the result.s are published. 

A more radical addition is an Appendix containing the most 
important Greek and Latin roots used in the constniction of 
botanical terms. It is hoped that by the use of this list the 
student will come to understand the derivation of most of the 
technical terms which he meets even though he has had no train¬ 
ing in the classical languages; and that by this means the diffi¬ 
culty and confusion often attendant upon a new and imposing 
vocabulary may in some measure be avoided. 

Much more attention is given in this edition than in previous 
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ones to the economic importance of various plant structures and 
products and the families from which they are derived. 

More than a hundred new “Questions for Thought and Dis¬ 
cussion” ha^’e been added to the extensive list which has proven 
so useful as a teaching aid in the past. 

There are over 130 additional illustrations, many of them 
made for this edition or appearing here for the first time and 
the rest taken fiom the pul:)lications of other botanists. 

For the use of original drawings and photographs the author 
wishes to express his warm thanks to R. H. Bloch, P. R. Burk¬ 
holder, R. B. Friend, D. F. Jones, J. S. KarUng, H. J. Lutz, 
.V. J. Hiker, W. M. Stanley, W. G. Whaley, P. R. White, and 
G. L. Zundel, as well as to the authorities of the Cinchona 
Products Institute, Merck & Company, Inc., the Radio Corpora¬ 
tion of America, the Boyce Thompson Institute for Plant 
Research, the Brooklyn Botanic Garden, the Connecticut 
Agricultural Experiment Station, and, among the agencies of 
the United States gt)vernmcnt, those of the Bureau of Plant 
Industry, the Forest Service, the Soil Conservation Sendee, 
the Park Service, and the Army Air Force. 

For the use of illustrations from their published work the 
author is mucli indebted to F. T. Addicott, L. E. Anderson, 
G. S. Avery, Jr., A. F. Blakeslee, J. L. Blum, J. T. Bonner, 
W. M. Bowden, J. S. Boyce, II. T. Brumfield, J. T. Buchholz, 
D. C. Cooper, G. O. Cooper, G. L. Cross, A. J. Eames, W. R. 
Hatch, A. W. Haupt, A. F. Hill, R. L. Hulbary, D. L. Johansen, 
C. LaMotte, B. F. Lutman, B. Maguire, J. Metzner, A. E. Mur- 
ncck, E. E. Naylor, J. R. Raper, Fredda D. Reed, L. W. Sharp, 
G. AI. Smith, and J. E. Weaver. 

The author wishes to express his thanks to many colleagues and 
friends for advice and assistance in the present revision. He is 
particularly grateful to Professor Hempstead Castle of the Yale 
Department of Botany for contributing the entire chapter on 
the Bryophytes; to his son, Edmund W. Sinnott, Jr., for preparing 
the index; and to his daughter, Mildred Sinnott Hill, for invalu¬ 
able collaboration throughout the entire course of the work. 


New Haven, Conn., 
June, 1946. 


Edmund W. Sinnott. 
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TO THE STUDENT 


Botany in the minds of many people is cliiefly associated 
^•ith pleasant exercises in learning llie names of wild flowei's, or 
with quaint individuals who wander absentmindedly in the 
woods and fields, trowel and tin box in hand, and who rejoi<*e 
in the use of long and unpronounc<>able Latin words, 'iliat 
such a conception of the science of l)otany is wliolly inadequate, 
a studj' of the following pages should amply prove. Plants are 
far more than interesting playthings. They are a conspicuous 
and inescapable part of the world we inhabit. They make life 
possible for us by providing food, clotliing. fu(*l, shelter, and 
many other necessities. More important still, they aix‘ alive 
and thus endowed with tlufse remarkable (pialities which have 
always made all living things eagerly studied by man. not only 
for their own sake but f<»r the liglit which tliey throw on many 
human problems. If education is indeed an undei-standing of our 
surroundings, surely no one should ])retend to be educated well 
who is unfamiliar with plants and tln*ir activities. 

A college textbook or a college coui>e in any branch of bioh)g\-. 
however, ought to do something more than give familiarity with 
a mass of facts, no matter how important they may be. It 
should develop in us the ri(jht nttitude toward these JeCcts. This 
attitude—the truly scientific attitude—is both critical and inqui.s- 
itive. It should enable us to find our way to the truth through 
a maze of facts. This is the attitude which distinguishes a truly 
edticated man from one who is merely knowledge-crammed, 
and a lack of it is responsible for much of the loose thinking 
and false reasoning with regard to biological problems which is 
indulged in by many people. 

Let us see what this attitude demands and how it may best 1 k> 
attained. We arc all obliged to actpiirc a mass of information if 
we are to live successfully. M e must know the character of the 
various things which we eat and wear, the operation of countless 
devices which we use, the rules and habits of other people, the 
manifold concerns of our particular occupations, together with 
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countless other facts and details. The world is continually 
asking us '‘whal?", “where?”, “when?” and “hovy?”\ and we 
are continually answering it as best we may. For most people 
the ability to reply successfully to these questions is sufficient, 
and they desire nothing further. In a coui'se in elementary 
botany, such would be content merely to learn the facts about 
plants so that they might pass the inevitable examination. 
'I'here are always a few, however, who are not satisfied thus 
to take everything for granted, as a lesson to be learned. They 
want to ask the world a question in their turn, and their question 
is far more profound. It is “why?” They crave not merely 
knowledge but xinderstanding. They want to penetrate the 
array of facts to the laws upon which these facts rest. To this 
honorable band ha\'e belonged all great thinkers and philoso¬ 
phers, all discoveres and explorers, all who have helped to bring 
mankind upward from savagery to civilization. These men have 
often been ridiculed, even poi'socutcd, for their presumptuous 
curiosity, but they have persisted through the ages in that 
insatiable inquisitiveness which has led them to challenge the 
world, not to accept it; to penetrate its secrets rather than take 
all for granted. Their spirit animates every true scientist and 
every really educated man today. 

But the scientific attitude is not mere inquisitiveness. Many 
people arc i<ily curiouo and will accept any explanation offered 
them. The scientist must go beyond this. Among the many 
answers which come back to him when he asks “why?” he must 
be able to discriminate, to separate the true from the false. He 
must weigh accurately and without prejudice the claims of the 
various theories which have been put forward to answer his 
(lucstioiis. He must remain skeptical and unconvinced until 
adequate proof is at hand. He must satisfy his reason. In the 
best sense of the word, he must be critical. 

This attitude of critical curiosity is hard to gain and still 
harder to maintain actively. It is a useful practice, particularly 
when encountering a subject which is new or unfamiliar, to prod 
ourselves continually with questions and problems which it 
brings up, not merely accepting someone else’s assertion but 
trying things out for ourselves. The college student, above all 
men, should thus learn to be his o^vn Socrates. It is for this 
purpose that the list of “Questions for Thought and Discussion,” 
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which will be found at the end of each chapter of the following 
text, has been gathered. The student can try his hand at these, 
and if he has first mastered the comparatively few’ facts presented 
in the text he should have no great difficulty with tliem. The 
answers to some are easy, almost ob\ious. Others may he 
harder to find but will bo worth more in the finding. By frequent 
practice in this sort of exercise not only will he develop and keep 
sharp his curiosity and liis ability to reason and discriminate— 
the most important ends for him to gain in such a course as this— 
but he w’ill aetjuire almost unconsciously a far more thorough 
understanding of the structures and functions of plants, and the 
principles which underlie the life of all organisms, than he could 
by merely attempting to memorize a list of facts. The tonic of 
curiosity and the fresh air of skepticism are sovereign aids for 
maintaining our minds in that state of health and vigor in which 
they can readily assimilate a rich diet of knowledge without 
becoming sluggish and over-fed. 
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CHAPTICR I 


THE SCIENCE OF BOTANY 

Botany may bo defined as that field ol' precise and classi¬ 
fied knowledge—that svirnci, in other words--which deals witli 
plants. 

It is one of the fundamental sciences, for a knowledge of 
plants is of the utmost importance for the life of man in many 
ways. Plants arc the most conspicuous of living thijigs. They 
co\er the land surfaces of the earth, and their sim])ler forms 
swarm in the water of rivers, lakes, and the sea. A knowietlge 
of their names and of how they live adds immen.sely to one’s 
enjoyment of nature. Tor the gardener and horticulturalist they 
provide abundant material upon which lie may e.xerci.se his skill. 
To the artist they have given many of the fundamental designs 
which he emiiloys—the column and its capitals, the Gothic arch, 
the acanthus, the fleur-de-lis, and many others. The lilies of the 
field, the flower in the crannied w’all, grass, trees, fruits,and seeds, 
and the innumerable forms of plant life have inspiretl jjoets and 
suggested to philosophers some of their most profound problems. 

In jiractical aiTuirs an understanding of plant life is also es.sen- 
tial. Water and carbon dioxide arc united in the bodies of plants 
by the green pigment chlorophyll, through the cnerg>'^ of light, 
into simple sugars, and from these are formed starch, cellulose, 
and other carbohydrates. In the chemical laboratories of j)lant 
tissues, by the addition of nitrogen, protein substances arc formed 
which constitute the basis of living material itself. It is in 
plants, too, that most of the essential accessory food substances, 
the vitamins, which are now known to play such an important 
part in nutrition, are made. The practice of agriculture, which 
w'as responsible for man’s emergence from barbarism and which 
is still his most essential industry, is primarily the cultivation in 
large numbers of a few' kinds of plants which provide food and 
other useful products. 

Fibers, wood, and other forms of cellulose which are the raw- 
material for so many industries; rubber, oils, and resins; drugs 
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of all sorts, and many other substances are also products of plant 
activity. Materials furnished by animals, such as milk, meat, 
and wool, come indirectly from plants, since the food of all is 
ultimately derived from green plants. The basic chemical syn¬ 
theses by which these substances arc formed from simple inor¬ 
ganic materials are made by plants, and the changes which go 
on in the bodies of animals and man are only modiucations and 
elaborations of these. Even most of the energy used in industry 
comes ultimately from plants, since both coal and petroleum, the 
chief sources of power today, owe their origin to the plant life 
of past ages. 

Life and Its Problems.—Aside from its practical significance, 
however, a knowledge of plants contributes to an understanding 
of a much more difiicult problem, the nature of life itself. 

IMants and animals are distinguished from all other objects 
by the fact that they arc alive. The sciences of botany and 
zoology, which treat of these two great groups of living things, 
are therefore closely related to one another and deal \\*ith many 
facts and face many problems in common. Together they con¬ 
stitute the broader scientific field of biology, which is concerned 
with the study of life in all its various manifestations. 

Of all branches of knowledge this science of life is the least 
understood and in many ways the most important. Between 
lifeless things and living things there exists a profound gap 
which science is still unable to close. Intricate mechanisms and 
complex chemical substances are familiar products of manufac¬ 
ture, but the most skilled physicists and chemists never yet 
have been able to construct anything alive out of nonliving 
material, nor are they in agreement as to the details of many of 
the processes which go on within an organism. 

The distinctive characteristics of life are by no means easy to 
determine. There is no practical difficulty in distinguishing a 
liWng plant or animal from a lifeless object, but the essential 
difference is a much more subtle one than it seems at first sight 
to be. Living things move, but so do machines. They have 
specific shapes and forms, but so do crystals and raindrops. 
Thej'^ grow and produce others like themselves, but so do some 
inanimate objects. They are extremely sensitive to external 
influences and often react vigorously to very slight stimulation, 
but this sensitivity is more than matched by that of many of our 
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delicate mechanisms. They have evolved from simpler forms, 
but so, apparently, have the chemical elements. Among tliom 
alone is found that phenomenon which we call consciousnc.^s. hut 
this itself is so vague and difficult to define that it cannot well lx- 
used as a distinction. Living tilings all consist essentiallv of a 
remarkable material, iirotoplasm, about which much will be said 
in later chapters, but just how this material difTers from other 
complex' proteins i.s not at all understood. These attributes of 
life may be imitated more or less successfully in objects which 
obviously are lifeless, but it is all of them together which serve 
to distinguish a living organism. How such an organism carrie.s 
on its complex activities and how its first ancestors arose from 
lifeless matter arc questions to which biologists still can give but 
the vaguest of answers. 

It is this baffling and unexplained quality in life which always 
ha.s keenly stimulated the curiosity of man; and since he himself 
is a living being, much of his speculation and philosophy has 
naturally centered around problems which, in a broad sense, are 
biological in their nature. Indeed, those human problems which 
press most heavily for solution—not only the practical ones of 
food suppb', race, sex, disease, and education, but those more 
philosophical (luestions which relate to the nature of life and its 
place and significance in a lifeless universe—are essentially 
concerned with the character and activities of living things. 
For their solution an understanding of the biological sciences is 
obviously of the utmost importance. 

Plants and Animals.—All living things share certain funda¬ 
mental characteristics which set them apart from lifeless matter, 
but they are nevertheless extraordinarily various among them¬ 
selves in size, form, activity, and situation. In general they can 
be divided into the two great groups of animals and plants, 
and the field of biolog>' may thus also be divided into the sciences 
of botany and zoology. \\Tiat the earliest living things on the 
earth were like wc do not know, but they were doubtless extreme!}' 
simple. Evolution toward higher types of life took place in two 
rather diverse directions. One group of organisms perfected the 
ability to synthesize food from simple chemical materials and 
thus tended to be stationary in habit, rigid in body, and relatively 
sluggish and slow to respond to external changes. They pro¬ 
duced the plants of today. Animals, on the other hand, lost the 
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primitive power to manufacture food and were forced to seek 
it, directly or indirectly, from plants, thus developing a motile 
l)ody, soft and jointed, and a high sensitivity and responsiveness 
to changes in the external world, which led to the evolution of 
sense organs and a nervous system and finally to the brain of the 
higher vertebrates. Zoology is therefore closer to the biology 
of man and is of particular ser\nce in medicine and psychology, 
whereas botany is especially concerned with the agricultural 
sciences. 

'Phe general problems of biology can be approached from the 
point of \iew of either botany or zoolog>% And the combined 
attack of these sister sciences is often more effective than that 
of either alone. For certain problems botanical knowledge is of 
particular usefulness since plants are simpler than animals and 
Ijresumably closer to the ancient stock of living things and to 
the inorganic world. The answers to many of the most puzzling 
cjnestions with regard to the origin and nature of life and of living 
individuals can best be sought in a study of these relatively 
primitive organisms, and it is not surprising that in recent years 
many of the most important advances in the biological sciences 
have been made by students of plants. 

The Laws of Science.—Botany is a science and as such shares 
in the general characteristics of all sciences—zoology, chemistry, 
physics, astronomy, and the rest. There is nothing mysterious 
about science. It is merely a persistent attempt to discover facts, 
to classify them, and to relate them to each other. The scientist 
employs as precise and accurate methods as possible and makes 
his observations wnth as much care and skill as he can command. 
He is critical of his results and whenever possible repeats and 
corrects them. The great array of facts which he and his fellow 
scientists have thus laboriously amassed he does not merely 
collect, as one would postage stamps, but continually endeavors 
to organize them and to discover what general relationships or 
rules may exist among them. Whenever such a one is found, he 
tries to think of an explanation for it and if he is successful he 
suggests this as a hypothesis. Such hypotheses are often proved 
incorrect when additional facts are discovered, and they are then 
discarded. Even so, they often serve a useful purpose in making 
more definite a question at issue or in providing a new plan of 
attack on a problem. If, on the other hand, further research 
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tends to confirm a hypotliesis it acquires a more permanent and 
dignified position as a theory. A theory wliich lias stood the test 
of time and has come to be generally accepted as a true explana¬ 
tion of the facts is fintilly recognized as a law. Thus Francis 
Galtou and Gregor Mendel, working quite independently, 
gatheied a great array of facts as to the manner in which traits 
are ti-ansrnitted l)y heredity from parents to oflspring. Galtou 
obtained his facts from dogs and human beings, Mendel from 
garden peas. Mach saw c(‘rtain general relationsliijis running 
through his observations and each proposi'd a hypothesis to 
account for tlie facts of inheritance. Subsecpient workers tested 
Mendel’s hypothesis by experiments on a wide variety of plant.s 
and animals and confirmed the mo.-'t imiiortant portions of it, and 
it is now regariled as a fundamental law of heretlity. Clalton’s 
hypotlu'sis, althougli ]>l:iu>ibie and substantiat<*d by his data, w sis 
not confirmed and has now been iliscarded. 

'riie laws of science are not likt? tin* edicts of a monarch or 
other authority which “nature” mu>t “obey.” We speak of 
them as “governing” the facts of ciiemi.strv and biology, but 
tliis is only a figure of speech. Tluw arc simply careful state¬ 
ments of those general uniformities which may be observed in 
natural phenomena. Some laws are more securely established 
than others, but none seem to be inviolable. 'I'hus the discovery 
of ra<lioactivity has modified or overtlirown many of the former 
“laws” of physics and has given us a whole code of new ones, 
more ser\iceable at present, but themselves subject to revocation 
if new discoveries make it necessary. 'I'he fact that laws exist 
in the universe, however imperfectly we may yet be able to 
formulate tliem, is what makes scientific work po.ssiblo, for it 
jiroves that nature is dependable and can be counted on to 
behave in a constant and uniform fashion. Chemical elements 
on the farthest star have the same properties as they do on earth; 
the laws which describe the relea.se of energy in a machine apply 
as well to the body of a plant or a man. This magnificent con¬ 
ception of the uniformity of nature is the cliicf contribution which 
science has made to human thinking. 

A knowledge of the laws of science is of great practical value, 
for it enables man to predict events in nature, and often to 
control them for liis purposes. The great progress of applie<i 
science and technolog>', of agriculture and medicine, has resulted 
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from tho discovery and use of such laws, and has made our era 

preeminently the age of science. 

In an enthusiasm for science, however, we should remember 
that it cannot tell us everything. It has nothing to say about 
beauty, purpose, or ultimate value. It cannot answer all ques¬ 
tions about the universe. Biology, for example, can tell us a 
vast deal about plants and animals, but some of the deepest 
problems of life, especially of the life of man, it seems powerless 
to soh-e. Perhaps the very fact that we ourselves are living 
organisms may give us a more intimate knowledge of fundamental 
biology tlmii we can ever gain by studying plants and animals in 
the laboratory. This is a profound philosophical problem and 
need not concern us here except to warn against too dogmatic 
an attitude in applying scientific knowledge to the deeper ques¬ 
tions which biological investigation raises. 

As botanists, our sufficient task is to gain a knowledge of those 
laws which are operative in the structure and behavior of the 
members of the plant kingdom. Hundreds of investigators in 
institutions of learning, government experiment stations, and 
other research agencies are study'ing plants from every point of 
view, and each year sees an array of new facts added to pre¬ 
vious knowledge and fresh hypotheses advanced for their 
explanation. 

The Subdivisions of Botany.—Ouing to the great mass of 
diverse facts which it has accumulated and the many points of 
view from which its problems have been attacked, every major 
science necessarily has become divided into subsciences, each of 
wliich makes its particular contribution to the whole. Thus, 
botany is composed of a series of specialized sciences. Three of 
these—systematic botany, plant morphology, and plant physiol¬ 
ogy—are most worthy of note and are themselves subdivided 
and recombined still further. 

Stjstemalic botany^ or plant taxonomy^ is concerned with the 
names of plants and the classification of the members of the 
vegetable kingdom. Its object is to identify by name and 
description all the kinds of plants which can be distinguished and 
to arrange them, according tp their natural relationships, into 
groups, which are called species, genera, families, and orders. 
Since these relationships can be determined only after a knowl¬ 
edge of evolutionary history, the science of plant phylogeny. 
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which endeavors to trace the genealog>’ of the plant kingdom, is 
an important adjunct to systematic botany. 

Plant morphology is concerned with the form and structure of 
plants. Its object is to describe the construction and organiza¬ 
tion of the plant body and to trace underlying similarities in 
form between various plant groups. Under morpholog>' are 
included anatomy, dealing with internal structures; cytology, 
with the structure of the cell; embryology, with the development 
of the indi\'idual; and morphogenesis, with the causes which 
determine form and structure. 

Plant physiology is concerned with the functions of plants. 
Us object is to describe and explain the various activities by 
which the life of the plant is maintained and transmitted to its 
offspring. Physiology obviously underlies the other subdivi¬ 
sions of botany since it touches the very process of liWng. A 
branch of physiology particularly active today is genetics, which 
deals with the problems of inheritance. 

Aside from these three major subsciences there arc other Bolds 
of botany which deserve mention. Plant ecology is concerned 
with the relations between plants and the various factors of their 
envdronment such as soil, climatic conditions, and living organ¬ 
isms and, in particular, with the modifications of structure and 
function which enable them to react successfully to changes in 
their surroundings. Kcology neccs.sarily involves both mor¬ 
phology and physiology, as well as certain of the physical sciences. 
Plant geography is concerned with the geographical distribution of 
plants and tlie factors by which this is determined, and is related 
intimately both to systematic botany and to ecology, as well as 
to geology and geography. Paleobotany is concerned with tlie 
structure and relationships of fossil plants and thus touches 
systematic botany, phylogeny, morphology, and geologj'. 

In addition to all these aspects of botany, most of which are 
theoretical rather than practical in their bearing, one should not 
fail to mention the great group of sciences concerned with the 
utilization and culture of plants. Economic botany, in its nar¬ 
rower sense, is a study of those plants which are valuable to man 
and of the uses to which they are put. The various sciences 
commonly grouped under agriculture {soil science, ai;ronomy, 
horticulture, plant pathology, and many others) together with 
forestry, pharmacology, and their subsidiaries are eminently 



/{DT.WV I’KISCirLKS AST) PROril.EMS 




1>1 ;u'i i'-nl, ;in<l their cIom' relationship to botany is sometimes over- 
lonki .l N<‘V<'rth(‘less they are intet;ral parts of the science and 
tor th(“ii' successful juirsuit deinaiul a sound knowletlge of botani¬ 
cal )>i‘in<‘ipl<'s. 1 A‘(M%'one who is coma'rned with j>lant.s from a 

scientific point <»f vic'W. whatever his purpose or profession, is 
|■i<;hl tull\' to b(' calk'd a botanist. 

The History of Botany. 77a ('hissiral Period .—Tlie l^otany of 
to(la\- i< th(' result of a loiifi period of projiress and development 



It looks back, as ilo .so many otlu'r sciences, to the fertile si)eeula- 
tions of the (.Jreeks for tlie lirst ilefinite expression of its problems 
and priru'iples. d'lu* “ nature ” of plants was stiulied by Aristotle 
(381 322 H.C., Fi^. 1). wlio saw clearly certain of tlie broader 
problems of plant and animal life, and whose sagacious com¬ 
ments thereon are .still worthy of attention. As the teacher and 
friend of Alexander the Great, he was in a particularly favorable 
situation to receive specimens and descriptions of the plant and 
animal life of most of the world then known, and he was the first 
man to become familiar with a inde range of biological facts. 
It is his disciple Theophrastus of Ei'csus (371-287 b.c.), how- 
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ever, whom botanies have generally regarded lli<* latlier ot 
their science. This keen naturalist accumulated a great mass ul 
information with regard to plants and discaissed their various 
characteristics. Home also had her share in the development ol 
plant science, notably througli the contributions of I'liny the 
Hlder (.\.d. 23-79), whose “Natural History.’' a compendium 
of facts and fancies about living things, was long a storehouse of 
botanical information. Dioscorides. li\ing at about the time ol 
Nero, studied plants for their medicinal properties and hohls an 
important place historically both in botany and in me(licinc. 
Although the knowledge of plants gatheied by the ancients was 
thus very considerable, much of it was inaccurate and unr<‘liablc 
since it was often base<l on ('xaggeiated reports and cai<‘l<*ss 
observations. These early biologists were far from realizing the 
importance of such rigid sci«*ntific discipline as exists today, 
which recpiires careful observation ami rigorous scrutiny ami 
confirmation before a fact may be accept(‘d as establislual. 

77ic //c'Wju/i.sA';.—After this, its classical period, botany went 
into tliat profound eclipse sulTered by all sciences during th.- 
Middle Ages. 'Flie teachings of the ancient masters were jeal¬ 
ously preserved and were commented upon and dissecteil, but 
the idea of extemling knowledge by direct observation and experi¬ 
ment was held to be almo.st sacrilegious. AI>out tlie beginning of 
the sixteenth century, however, a group of botanists living m the 
Rhine valley and its adjacent regions undertook to explore the 
plant kingdom afresh for themselves. 'I'hey were interested in 
plants chiefly for the curative virtues to be found therein, and, 
paying scant attention to the doctrines and (logmas of the 
ancients, they went about describing and diawing with fulelity 
the various kinds of plants which flourished in their native 
countries. From the numerous herb books, or "herbals” 
(Fig. 2 and frontispiece), in which the resulting discoveries were 
published, these pioneers have been known as the “herbalists.’* 
They endeavored to distinguish clearly the different species from 
one another and proposed certain crude metliods of classifying 
the plant kingdom. Notable among the herbalists were I.eon- 
hard Fuchs (1501-1560), Hieronymus Bock (1498-1554), G^- 
pard Bauhin (15G0-1G2-1), and Otto Brunfcls (14G4-1534). The 
title-page of Brunfels’ herbal, which appears as the frontispiece 
of the present book, shows that the classical tradition was still 
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Hcrba San^gTRlNlTATls. 



0rryfAUf0feft bUm* 

^ DehcrbaSancfhr tr t NlTATIS* 

H C mtonfrt ^Cr«yfUn0f(<ibtftai. 

R H A P S. V. 

Erba^quam nofbi a criplicicoloreflons, nommeTrin{tadsdo« 
naucrunt,coronaria e(l,& ob id paHim in horn's plantaca. 
iVVAMENTAex aqua diftillacionis illius. 

Aqua cx ca diilQlata,pucris in pocum cxhibita, inordinatosilloru cas 
lorrsrrib'nguic. 

Prodcil & Afthniaocis,qui angufHas in prsecordjjsicociun^ pulmo^ 

numcp apoftematibus flngulari pr«fidio eft. 

Caeccrumquo nomine a Oioicoridecenfanir^hatflenua incomper^ 

turn habeo:cametfl quiburdam laceam uocari placcc. 

Ca 


Fio. 2 .—A pngo from tho horbal of Otto Brunfcls* published in 1S32 (soo 
Frontispiece). Tho appoarance* description, and medicinal virtues of tho pansy 
aro here set forth. 
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powerful. (.)tu* of the pages of this herbal is reprodueetl in Fig. 2 
and presents an excellent picture of what is obviously the wild 
pan.sy, or '‘heartsease” (Ffafo tricolor), undoubtedly «lrawn 
directly from the plant itself. Its medicinal virtues in the fevers 
of children anil in asthmatic complaints are si*t foj’th below it 

d'he herlndists were so free from the <*<m\entional dogmatism of 
their })re<leccssors that the\' are generall\' regaideil as tlie founders 
of modern botany. 'Fhat they were still rather primitive in their 
scientifi<- ideas. lio\\ev(>r, is shown by the fact that some of them 
maintained the remarkable “doctrine of signatures,” which 
states that the (’reator has placed a definite sign in each kind 
of }>lant which indicates its medicinal usefulness. Thus a plant 
with heart.-shaped leaves was by some thought to be useful in 
heart trouble, and one with liver-shaped leaves to be a cure for 
liver complaints. 

The Modern Period .—The new attitude toward knowledge 
which was ushered in l)y the Renaissance thus made itself felt 
in biolog.v, and in the seventeenth and eighteenth centuries 
modern botany began to take its present form. 

The first problem to be solved was the establishment of a 
sound and convenient system of plant cla.-'.sification. The 
herbalists sometimes grouped plants according to their size, into 
trees, shrubs, and herbs; and sometimes according to the alpha¬ 
betical order of their names, neither system having much logic 
or usefulness. The first extensive and thorough classification 
of plants was that proposed in 1583 by the Italian botanist 
Cesalpino (1519-1003). Combining an acquaintance ^\'ith the 
ancients and an intimate first-hand knowledge of plants, he laid 
down certain principles which were the basis of systematic botany 
for many years. The exi)lorations of the eighteenth century led 
to the discovery of thousands of new kinds of plants, and order 
was established among this host of new forms by the great 
Swedish naturalist Linnaeus (1707-1778, Fig. 3). He invented 
the binomial system of naming plants, which was much simpler 
than the older methods. Linnaeus classified the higher plants 
into rather arbitrary groups based on the number of stamens in 
the flower. Modem taxonomy dates from the publication of his 
monumental “Species Plantarum” in 1753, in which all the plants 
knoum at that time are named and classified. 

It had long been realized that there seemed to be certain 
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“ n:itvn al " similar plants, hut, a recognition of them was 

a matter of clifiicuUy. and it remained for the French taxonomist 
A, h. de Jussieu (1748 -1830) to establish and describe the groups 
which we know as plant families. Tlie acceptance of the theor\' 
of organic evolution in the latter part of the nineteenth century 
prej>ared the wav for a truly natural system of classification in 
whi<'h the various groups include those kinds of plants which 
are relate<l to each other through a conunon ancestry. Several 
vsuch general systems of classification ha\'e been proposed, but 



I'lG. 3.—CaioUirt Linnaeus (Curl von Linn^0» 1707—1778- 

the one now most generally recognized is that of the German 
taxonomists iMigler and Prantl and is embodied in a series of 
volumes, “The Natural Plant Families,” which includes the entire 
plant kingdom. 

Although the early work in botany was thus concerned chiefl>' 
with taxonomy, the study of plant structures was not neglected. 
Grew (1028-1711) in England and Malpighi (1028-1694) in Italy 
were keenly interested in the internal construction of the plant 
body, and their works on “phytotomy” laid the foundation for 
modern knowledge of plant anatomy and raorphologjy Com¬ 
parative studies in this field have since shown the underlying 
similarities in plant structures and the changes which have taken 
place during their evolution. The continued improvement in 
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the compound microscope made possible more coin[)k'ti* and 

accurate knowledge of the way plants arc constructed and le«i 

to the formulation by Schleidcn. in 183S. of tlio Cell Theor\ . 

% 

wliich states that the cell is the unit of structvire in plants and 
that protoi)lasm is its essential constituent. From this begin¬ 
ning, modern histology and cytology )ia\(* ailde<l a great bodv 
of facts to our knowledge of the structure, growth, and repro¬ 
duction of the plant body. Much attention is now being 
devoted to a study of the interna! and external factors which arc 
responsible for the characteristic forms anil structures shown b\' 
plants. 

Fh>'siology is the \'ounge>t of the botanical sciences. 'I'lie 
ancients and tin* eail>' modern botanists for the most part hail 
fanciful and inaccurate ideas as to the ways in which the plant 
carried on its \arious functions, an ignoranci* due latgel>' to the 
unde\eloped stati? of the sciences of physics and chemistly in 
their times; and it was not tintil the latter part of the eighteenth 
centurs' tliat modern plant pliysiolog>' could become deliniti-ly 
establislu'd. A knowledge of the physiology of fooil s\ntlu‘sis 
by green plants from carbon ilioxide and watei- through tiu* etieigy 
of light was made po.ssible In' the discovei N' of oxygen l>>' Priesthn' 
in 177-1 and by the work of Ingen-Housz and de Saussure in the 
late eighteenth and earl>' nineteenth I'cnturies. An undet- 
staiiding of the relations betweeii matt<‘r ami energ>' led to a 
recognition of the significance of resj)iration. The kinetic 
theory of gases and solutions furnished an explanation of the 
physiology of gas exchange and the ab.sorption of water and salts 
from the soil, and the great advances in physical and biological 
chemistry during the present century have greatly aided our 
understanding of all jihysiological proces.<es in botli animals and 


plants. 

The grow'tli of this branch of our science nece.ssarily deixuided 
upon the use of a new scientific methoil, first dc\'eloped in the 
physical sciences, that of eiperiin<'nl. I'or studi<*s of plant 
structure, ob.servations of plants as they exist in nature is suffi¬ 
cient. To discover hoiv plants carry on their various activities, 
however, it is neccs.sary to subject them to definite tests, in which 
the conditions at the beginning and at the end of the test are 
knoivn and can be controlled. Thus the experimenter causes the 
plant to “perform” for him and observes the result. The rate 
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ftt which a plant loses water, for example, the kind of light 
ill which it manufactures starch most rapidly, or the amount of 
cneigi' given oft' in its respiration can all be determined by sub¬ 
jecting plants to experimental tests. The method of experiment 
is now extensively employed in various fields of biology'. 

The publication of the “Origin of Species” by Charles Darwin 
(Fig. -4) in 1859 resulted in a general acceptance among scien¬ 
tists of the theory of evolution. A recognition of the fact that 
the plants of today have been developed slowly from simpler 



ancestors has had a profound effect upon botanical science and 
has stimulated a great interest in reconstructing the “family 
tree,” or phylogeny, of the plant kingdom. It has also led to a 
more intensive study of the laws of variation and inlieritance 
and the causes and method of evolution. This has been encour¬ 
aged still further by the discovery of Mendel’s laws of inheritance, 
propounded in 186G, disregarded for many years, and finally 
brought to the attention of biologists again in 1900. 

The present state of the science of botany is thus the result 
of a long period of slow development, in which truth has been 
gradually separated from error and the present vast store of facts 
amassed. In common with all the other sciences it has made 
remarkable progress during the past century. This has been 
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cine in part to great improvement in the tools of investigation, 
notably the microscope end its accessories, but also to sounder 
methods which have been devclo}>ed in (he searcli for trutli. 
Notable among these is the gain in preci>ion by use of mrosun- 
ments of some sort rather than verbal descriptions for the state¬ 
ment of the results of investigation. This (pjantitative method, 
essential for all exact scientific work, was ailopted less earlv in 
biology than in i)hysics and chemistry. It is universal in i)hysi- 
olog\' and increa.singly employed in all types of botanical work 
'I'he establishment of facts is also a more serious matter than in 
earlier years, for these are subject to critical scrutiny and fre- 
<iuent confirmation Ix'fore they afe a<-cepte«I. 

-Many problems have been successfully solved, and progress is 
steadily being made upon others. With each advance, new ques¬ 
tions have ari.sen and new fields of investigation have opened, 
until botanical scienct* has broadened from a mere tliscussion of 
the names ami i)roperties of medicinal her))s to an attack upon 
the fundamental problems of life itself. 


QUESTIONS FOR THOUGHT AND DISCUSSION 

1. In what respe«*ts may botany be regjir<lc(l as the most funda¬ 
mental of the biological sciences? 

2. Name a problem of ijjtercst in philosophy, for the answer (<> 
«liich a kuowlcMlge of brjtany is important. 

3. In what rc.s|>e<-ts is a ktiowledge of lx)tany essential for an under¬ 
standing of these throe problems: (1) sources of oiiergj' for iinlustry; (2) 
soil erosion; (3) human foo»l suj)plics. 

4- Which of the tlistinctions between living organisms and lifeless 
objects mentioned in the text do you regard as the most fumlanuMitar^ 
Why? 

6. What relation can you suggest between the fact that animals are 
unable to manufacture their own food and the fact that they have a 
much more highly develojxid nervous sj'steiu than do plants? 

6. Could mankind get on better without domestic animals or without 
cultivated plants? Explain. 

7. Civilization u.sually h/is developed to a higher level in agricultural 
communities than in pastoral ones. Explain. 

8. What is the most important contribution made by plants to 
man's welfare? 
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9. Give an example, from some field of science, of a hypothesis which 
has been advanced to explain a series of facts. 

10. Xamc a biological law. 

11. In what field of botany arc the following investigators at work? 
Students of (1) stem structure in the wheat plant: (2) the geographical 
tlistribution of spocie.s of wheat; (3) the rate of food manufacture in 
wheat plants; (4) the classification of wheat species; (5) wheat breeding: 
(t*) the minute structure of the cells of wheat plants. 

12. State some very specific problem relating to jilants and of jiractical 
importance in agjiculturc or ai»y other industry (a problem such as 
might be under investigation by an exi>ert in the United States Depart¬ 
ment of Agriculture, for example) in the solution of which a knowledge 
of plant taxonomy wouhl be valuable. 

13. Name such a problem in which a knowledge of plant morphologj’ 
w«iuld be valualjle. 

14. Name such a jiroblem in which a knowledge of plant physiology 
wf)tild be valuable. 

16. Name smdi a problem in which a knowledge of plant genetics 
wouhl be valuable. 

16. How is a knowledge of chemistry important to a botanist? 

17. How is a knowledge of jdiysics important to a botanist? 

18. How is a knowledge of mathematics important to a botanist? 

19. How is a knowledge of geology important to a botanist? 

20. Why was systematic botany the first aspect of botany to be 
studied scienVifically? 

21. I'lants always have been used far more for food tlian for medicine, 
but despite this fact the science of botany in its early days was almost 
entirely in the hands of men intcrestecl in medicine rather than in 
agriculture or any other branch of practical science. How do you 
explain this? 

22. In the early herbals more emphasis was laid on accurate pictures 
than on descriptions or names. Why? 

23. Why do you think it is that the method of experiment has been 
slower to develop in biology than in physics and chemistry? 

24. If you were to name the most important respect in which modern 
botanical investigation differs from that of a hundred years ago, what 
would it be? 

26. In what ways may the developments in physics and chemistry of 
recent years be important for the progress of botany? 



CHAPTER II 


INTRODUCTORY SURVEY 

Before an inU*nsive study of any aspect of botani¬ 

cal science or of an>' particular problem whicli deals with plants, 
it will be well to make a brief survey of the plant kingdom as a 
whole and of some of the more important structures and functions 
of plants in general. 

Plant Classification.—Over 200,000 tlilTerent kinds or species 
of f)Iaids ha\e been tlisco\’ered and described, and every year 
botanical exploration and careful study bring more of them to 
knowledge. The problem of systematic botany is to name this 
host of plants and to arrange and classify its membei's in a logical 
system. This is a task of great difficulty in Ndew of the enormous 
number of species, the great diversity of size and structure which 
they exhibit, and the wide range of environmental conditions to 
which thc3' have become adapted. The crude systems of classifi¬ 
cation of the eailier taxonomists have l>een modified and refined, 
and through the application of facts derived from practically 
all fields of botany, a modern and scientific system of classifica¬ 
tion is gradually being established. Ever since the dawn of 
botanical study, men have been endeavoring to construct an 
ideal system of plant classification, and the results are very 
diverse. One of the earliest attempts used the resemblance in 
growth habit as a basis aiul divided plants into three groups— 
tree.s, shrubs, and herbs. Linnaeus, us we have seen, employed 
the number of stamens as a means of classifying plants. As 
botanists learned more about the vegetable kingdom, such crude 
systems were seen to be wholly inadequate, and resemblances of 
a much more deep-seated kind began to be noted, based on a 
larger number of characteristics. Thus the conception of plant 
families l>cgan to take form, and the Rose family, the Carrot 
family, the Legume family, and many others were distinguished 
and described. 

The establishment of the theory of evolution in the latter part 
of the nineteenth century showed that resemblance among 

17 



18 


nOTAXV: PRIXCIPLES A^D PROBLE^fS 


members of a plant group was not an arbitrary or chance one but 
was due to the fact that all the members had descended from a 
common ancestor. Classification became thereupon a definite 
effort to work out a genealogy for plants (Fig. 5) similar in its 
type to that which one might construct for a human family. The 
j)lant species living today are few compared \\'ith those which 



Fig. 6.—a suggested ''family tree" for the Conifers. Accordiug to this 
hypothesis, the ancient coniferous stock long ago di\idcd into two groups, each of 
wliicli has given rise to throe modern families or subfamilies. Tho branch 
stumps represent extinct groups. Tho twigs arc genera of coniferous trees that 
are living today. Such a diagram as this makes it possible to show graphically 
tho intorrclationsliips between tho various members of a group of plants. 

must have existed on the earth during the course of its immensely 
long history, for the fossil remains of very many extinct plant 
groups have been found in the rocks. Those species now living 
are the ultimate twigs in the huge “family tree“ of the plant 
kingdom, and the problem confronting the taxonomist today, 
therefore, is not the recognition of certain rather vague “affini¬ 
ties” between plants but simply the determination of what might 
be called their “blood relationships”; and during the past fifty 
years particular emphasis has been placed on the science of 
phylogeny, which endeavors, through a study of fossil history, 
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comparative anatomy, and other sources, to trace the coin[)li- 
catecl problem of ancestry and descent throughout the whole 
plant kingdom. The findings of this science are of great impoi- 
tance in providing a basis for classification. W hile there .'•till 
are differences of opinion as to facts, everyone is agreed tliat the 
ideal to be attained is a system of classification which is truly a 
“natural” one, based on descent. As knowle<lge of the evolu¬ 
tionary history of the plant kingdom IxHomes more complete, 
systems of elassifieation will grow more accurate anti useful. 

Groupn U'ifhin Groups. —Plant classification is far more complex, 
however, than a mere .segregation of individuals into a series of 
distinct groups, for each group is ftirther sul)divi<le«l into snuillor 
ones, and each of these, in turn, into others still smaller. 'I'lns 
system of “groups within groups” is familiar in 'methods of 
classifying all sorts of objects. An army, for example, has a 
definite sy.stern of organization or classification, whereby it is 
separated into a series of large groups, or divisions. J^ach divi¬ 
sion, in turn, is nuule up of brigades; each briga<le, of regiments; 
each regiment, of battalions; each battalion, of companies; each 
company, of platoons; and each ])latoon, of s<iua(]s. In this way 
ever>' soldier occupies a definite and particular place in tlu* 
organization. In the taxonomy of the plant kingdom a some¬ 
what similar series of groups witfiin groups has been recognized 
and its parts named, precisely as in a military organization. The 
most important of the.se group.s are the division, class, order, 
family, genus, and species, although additional ones often are 
employed. Thus all the individuals which arc like one another 
are grouped together and constitute a species, of which the dog 
rose may be taken as an example. This species is clearly y'ery 
similar to a large number of other species—the prairie rose, (he 
swamp rose, the sweetbriar, and many others. All of these spe¬ 
cies, which have presumably descended from the same ancestor 
originally, are grouped together as the ro.se genus, the scientific 
name for which is Rosa; and each of the species also has a scientific 
name of its oyvn, which for the dog rose is canina. From the 
general structure of their flowers, fruit, and other organs it is 
believed that this rose genus is closely related to other somewhat 
similar genera, such as the cherries {Prunus), the apples (Malus), 
the hawthorns {Crataegus), the blackberries {Rubus), the straw¬ 
berries (Fragaria), and others; and all of these genera are therefore 



20 


HOTANY: PRINCIPLES ANI> PROBLEMS 


grouped together into a still larger unit, X.\\g family, which in this 
case is the Rose family, or Rosaceae. This is a large family, 
containing about 40 genera and 3000 species. It is evidenth 
similar in many respects to certain other families, notably the 
Saxifrage family (Saxifragaceae) and tlie T.egume family (Legu- 
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l-nj, Q—Speciea bclonRing to the aanie genus. Six species of maplo (Awr) 
reprcHcnted by leaf and fruit. Each species is readily distinguishable from the 
lest by individual peculiarities, but in nil the species the fundamental charac¬ 
teristics of the maple genus arc evident. A, Acer Pennaylvanicum; B, A. ptata- 
noidca; C, A. spicatum: D, A. rttbrum; E, A. eaeeharinum: F, A. aaceharxim. 

minosae). This group of families, which stand somewhat by 
themselves and probably are all related to one another by descent, 
i.s called an order, in this case the Rosales.* The Rosales are one 
of a large number of orders which constitute the great class of 
Dicotyledoneae, or dicotyledonous plants. This is clearly dis¬ 
tinguished from the other great class, the Monocotyledoneae, or 
monocotyledonous plants; and these two classes comprise the 

• In general, the scienliBc name of a family has the ending ^ceae, that of 
an order, -aUa. 
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Angiosperms, which, together with the Gymnosperm.s and the 
Fern:5. make up the I’teropj^ida, one of the three subdix ision.s of 
the vascular plants. 

Tlie leaves and fruits of six dilTerent species of the maple genus 
(Acer) are shown in Fig. 0. Kacli is quite distinct and may 
readily be identified, but the general resemblances which unite 
them into a single genus arc also evident. 

These units of classification include the most important ones, 
but large groups are often subdivided still further for j>urposes of 
convenience, so that one meets with the terms variety, tribe, 
section, subfamily, and otliers, each of which has itsas.signed 
place in the system. Every one of the thousands of groups in the 
plant kingdom has its own peculiar and distinctive characteristics 
by which it differs from every other group of similar grade, so 
that a botanist is able to place a newly discovered species in just 
the particular niche which it should occupy with reference to the 
plant kingdom as a w hole. 

Nomenclature.—The technical names for these various groups 
are derived from the Latin and Greek tongues, and althovigh 
many plants have “common” names in the language of the 
country where they grow, the advantages of technical or “scien¬ 
tific” names are so great that they arc used almo.st exclusively by 
botanists. 


In earlier day.s, before the present system of naming plants had 
been introduced, the common way in which a botanist referred 
to a given species was to use a cumbrous descriptive phras(>, 
usually consisting of several Latin nouns and adjectives. As 
difTercnt men often used different words, it freciuently became a 
matter of doubt as to just what plant they were talking about, 
and much confusion resulted. It remained for the genius of 
Linnaeus to devise a method which sliould be simple and uniiorm. 
He invented the binomial system of nomenclature, so called 
becatise each species is given two names: first, the name of the 
genus of which it is a memljcr, or its generic name; and, following 
this, a name applied distinctively to the particular species in 
question, or its specific name. The scientific name of the dog 
rose would thus be Rosa canina. This system is very inuch 
like that used in naming a person, where the ‘ surname is that 
of his family and the “given name” is distinctively his own. 
In plants, this order simply is reversed, the surname (generic 
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name) coming first. The binomial system was first used exten¬ 
sively for plants in the “Species Plantarum,” published by 
Linnaeu.s in 1753. This book is the foundation upon which the 
modern system of plant nomenclature is based. 

In oixler to avoid confusion and to make perfectly clear what 
plant is meant, there is ]>laced after tlie plant name the name 
(or its abbreviation) of the botankst who first used this name for 
the species in (piestion. Thus, the full name of the dog rose is 
liosa catiino L., which moans that this particular name was 
conferred on the i)lant by Linnaeus. Disputes still arise as to 
just what certain species shoukl be called, for different botanists 
have sometimes given ditTcrent names to the same plant. Such 
(piestions are settled by the adoption of universal rules and 
practices, and it is to be hoped that through them the nomen¬ 
clature of plants may in time become perfectly uniform through¬ 
out the world. 

The Great Plant Groups.—'riirec major divisions of the plant 
kingdom may bo recognized. These are the Thallophytes, the 
Bryophytes, and the V’ascular Plants, or Trachcophytes. IVIore 
commonly, this last group is divided into Pteridophytes and 
Spermatophytes or Seed Plants. 

The Thallophytes .—This huge group of lowly plants is not 
a compact series of rather closely related forms, and perhaps 
should be subdivided into a number of smaller groups, each 
widely separated from the rest in their evolutionary history. 
It includes the simplest and most ancient members of the earth’s 
plant population and some which are on the border line between 
primitive plants and animals. From such types arose many 
divergent lines of evolutionary ascent, of which most became 
extinct and only a few developed into higher plant groups. The 
rest are a diverse series of ancient stocks which have never 
evolved much beyond their primitive beginnings. We bring the 
whole group together as the thallophytes. They agree in being 
.simple in bodily structure (the majority of them are so minute 
that they can be studied only ^^^th the aid of a microscope) and 
in showing no differentiation into such organs as the roots, leaves, 
and stems which characterize the higher types. This simple 
plant body is known as a thallus, whence the group takes its 
name. Heproduction is by minute, single-celled spores and is 
accompli.shod in relatively simple fashion, although life histories 
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of unexpected complexity have recently been discovered in some 
of the higher forms. 

There arc two main .'crics of tliallophytes. The Algnc (Fig. 7 
possess the green pigment chlorophyll and are iherehv a!>le to 
manufacture their own focHl, and they include all the seaweeds 
and their fro'h-watcM’ allies. Here l>elong tlie jxind scunis, 
diatoms, and many simple green algae of salt and fre^h watei 
anrl the great gr<nij)s of brown and red algae almost entirely 



ho^ 7.—An algrt. One of the rockweeeja {Fucuv nffiralii) growing on a rock 

fx?tween tidcnmrka. (Fh/jCogrnph hy M. A. Uoxtic.) 


confined to the sea. The Fungi (Fig. 8) lack chlorophyll and 
consequently arc oblig(*d to obtain their food from !i\ ing animals 
and i)lants or from dead organic material, d’o this group l>elong 
the vast array of bacteria, molds, blights, rusts, toa«lstools. 
mushrooms, and similar plants, many of which live as parasites 
and are often the cause of serious diseases of man and tlie lower 
organisms. Unlike the algae, many of these live out of tlic water, 
though most prefer a moist habitat. 

The Bryophytea, or Moss Plants .—These plants arc dis¬ 
tinguished from the tliallophytes chiefly by their more highly 
developed sexual structures and their more complicated methods 
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of reproduction. The plant V)Ocly of the bryophytes has no 
rof>ls and in nianv eases eon^i-^ts of only a Hat, strap-like mass of 
irreen tissiu', though other members ol the grouj) possess stem¬ 
like axes and h'af-like appen<lap;es. 'I'he plants are small and 
ineons[)i( iious and p:enerally thri\'(' b(“st in >ituations wluu'e water 
i- aliundant. Ibyophytcs are .subdivided into th(' .Uo.s-jjc.^, which 



I Hi. S. A fuiigiu. Ono of the mil fiiiiKi. PlLitroln.s, mowui^ on a lotr 


have stems and leaves (Fig. 9); the Liverworta, prostrate plants 
with strap-shaped or leafy plant bodies; and the Ilornworts, a 
small group with simple, flattened bodies but a more specialized 
method of spore formation. 

The Vascular Planls {Trachcophytes ).—The lower members of 
the plant kingdom (thallophytes anti bryophytes) arc primarily 
adapted for life in water or damp places. Vascular plants, on 
the contrary, are primarily laud-inhabiting and thus have well- 
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developed roots, strong stems pro\'ided \Wth a good conducting 
system, and broad areas of green tissue (the leaves) able to 
manufacture food but protected against excessive loss of water 
The primitive vascular plants, abundant in early geological 
periods, arc now extinct, save perha[>s for one or two genera, but 
from this ancient stock there seem to ha\'e been three independent 



!>.—A jiiodz^. A hairrjip ino.^^ {Pffttjtrichnm juftipt rinum) with ripe cfif>- 
eules. {From A. «/. Grouty *' Monste with Lctm and Ccjmera.** Copyriijht by the 
author.) 

lines of evolutionary ascent. The first two arc poor in living 
species but were at one time important elements in the earth's 
vegetation. 

The Ai/cop.siV/a, including our “club mosses" or “ground pines" 
(lycopods), have spore-bearing cones, solid stems, and minute, 
spirally arranged leaves. 

The Spkenopsida, or horsetails, also possess cones but have 
jointed, hollow stems and minute, whoiied leaves. 

The Pleropsida arc far more numerous today than either of 
the other di\dsions of vascular plants. Three main groups are 
recognized: (1) The primitive members of the series, the Fervs 
(Fig. 10), have large, featherj' leaves, on the backs of which the 
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teristic flowers and have their seeds incased in an ovary. These 
are tlie most familiar portion of the earth’s vegetation. There 
are more than 150,000 species, and they are divided again into 
two main groups, the Dicolylcdons and the Monocotyledons, which 
differ from each other in the structure of the seed, leaf, stem, and 
flower. 

A common system of classification brings together the Lycop- 
sida, Sphftwpsida, and lower Ptcropsida or Ferns as tlie Pteri- 
dophyta or “vascular cryptogams,” which are vascular plants 
reproducing by spores. The higher Ptcropsida (Gymnosperms 
and Angiosperms) in this system are called the Spermatophyta 
oi' Seed Plants, because of their reproduction by seeds. Reasons 
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similarities in structure and function which arc common to all 
plants; but the marked changes which appear as one passes from 
the lowest to the highest types make very difficult a concise 
description of the characteristics of the plant kingdom as u whole. 
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IL will therefore be profitable to confine attention, at first, mainly 
to tliose plants which are familiar to everyone and of most obvious 



Flo. 12.—An oniposponn. Hawthorn tree (Cratacoxts), 


and immediate interest to man—the seed-bearing plants—and 
the sciences of morphology and physiologj', as exemplified by 
the seed-bearing plants, will tlnis be the chief objects of study 
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in the first portion of this book. In these early chapters one 
should be careful, therefore, to remember that only one group in 
the plant world—albeit the most important one—is b(‘ing con¬ 
sidered, although many of the facts and principles there estab¬ 
lished are, of course, valid for all plants. In the last chapters 
of the text there will be discussed in some detail the lower mem¬ 
bers of the vegetable kingdom, and the respects in which they 
differ from each other an<l from the .seed-bearing plants. 

The great variety of plant types and the diversity of condition.s 
under which they live render it difficult to make general state¬ 
ments abo\it plants wliich arc universally true, for exceptions to 
almost any such statement can usually be found. Indeed, 
variability is one of the most notable characteristics of all living 
things. The student should therefore bear in mind that many 
of the facts and principles set forth brielly and simply in an elc- 
juentary text are to be taken as true for typical cases ami under 
ordinary conditions, and he should be careful not to accept them 
as nece.ssarily and universally true for all plants and under all 
conditions. Living organisms are too complicated to be described 
completely in simple formulas. 

The Structures and Functions of Plants.—A notable character¬ 
istic of plants, which they share with all other living things, is 
their very definite Ijodily form. This form is not merely external 
or accidental but is the mark of a fundamental organization or 
“division of labor” within the plant it-self. The individual is 
madi* up of a scries of distinct and visibly different parts, eaeli of 
whicli possesses a specific shape and performs a specific function 
(Fig. 13). These parts are called orgnn.s. The root, the stem, 
the leaf, the flower, the fruit, and the seed, as well as the various 
subordinate parts of which each may be composed, sueli as bud, 
petiole, or stamen, are some of these organs. 

The organ, in turn, is not homogeneous in texture and construc¬ 
tion but is made up of a group of cellular materials, or iimiu’s, 
each of which performs a particular task contributory to the 
general function of the entire organ. 1 hus a stem may be com¬ 
posed of bark tissue, cortical tissue, phloem tissue, cambial tissue, 
woody tissue, and pith tissue, each of them playing some role 
in the economy of the stem as a whole. One type of tissue may 
enter into the construction of several organs, as does woody 
tissue, for example, into the root, the stem, and the leaf. 
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A tissue, in turn, is an aggregation of cells, those ultimate 
units of structure and function in all organisms. Each plant cell 
is a minute but distinct bit of living substance, or protoplasm, 
with nucleus, plastids, sap cavity, and other structures of its 
own. and is usuallv enclosed in a cellulose wall. The individual 
plant, indeed, may be regarded as a iuige colony of minor individ¬ 
uals, the cell.s, each performing some particular function in the 
whole and all bound together to their mutual advantage. A 
knowledge of the structure and activities of living cells is the 
foundatiim upon which an understanding of plants and animals 
must be built. 

This dilTorentiation of the plant body into a series of s|tt.*cial- 
ized structures is found, of course, only in the higher plant groups 
Among the lowest and simplest forms tlie entire body is a single 
cell, but this is capable of carrying on a wide range of functions. 
Somewiiat more complex types consist of a group of cells, and in 
still higher one.s the beginnings of specialization occur. The 
complex and highly dilTcreiitiatcd body of one of the higher 
vascular plants is the result of a long process of evolutionary 
advance. 

The Root and Its Functions.—The root is that organ which 
anchors the plant in the soil and absorbs therefrom water and 
simple inorganic nutrient materials. Aside from these primary 
functions, it frequently serves as a storehouse for reserve food and 
often assumes other secondary duties. The root system may 
consist of a single strong taproot, with weak lateral branches, or 
of a inuch-ljranched series of smaller fibrous roots. The function 
of absorption takes place in minuU* root hairs, delicate outgrowths 
from the surface cells just behind the young and growing root 
tip. Into these root hairs, by the process of osriwsis, pass watvr 
and dissolved substances (ehielly nutrient mineral salts) from the 

soil. 

The Leaf and Its Functions.—The typical loaf is a broad and 
thin structure, green in color and freely exposed to air and light, 
rts essential portion, the blade, is usually supported by a stalk, 
the petiole. Most of the internal cells of the leaf possess a green 
pigment, chlorophyll, which can utilize the energy of light to 
combine the gas carbon dioxide (coming from the air) with water 
(coming from the soU) into grape sugar, a simple carbohydrate 
food. This process of photosynthesis is confined entirely to 
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green plants. By it is manufactured all the food which sustains 
the life not only of plants but of all animals and of man him¬ 
self. for all the various food.s familiar in animal nutrition have 
been built up by i>rogrcssive modifications of grape sugar pro- 
<luced in green leaves. Because of this unique food-making 
ability, green plants are thus essential to all the rest of organic 
nature. 

The leaf blade is pro^^ded with conducting channels, or veins, 
which carry water and salts from the soil into the leaf and trans¬ 
port therefrom the products of photosynthesis. A protective 
epidermis surrounds the whole and is provided with pores or 
stomata. Water coming up the stem from the roots evaporates 
from the internal tissues of the leaf and passes out through the 
stomata in the ]>rocess of transpiration. 

The Stem and Its Functions.—The primary function of the 
stem is to hold the Icav'es out into the light where they may carry 
on photosynthesis successfully. It must thus have considerable 
mechanical strength, particularly in tall plants, and it must also 
be able to serve as a highway for the transportation of materials 
between roots and leaves. The ascent of water and mineral 
nutrients takes place chiefly in a specially modified tissue, the 
wood; and the translocation of food from the leaves to other parts 
of the plant is carried on through the phloem. The stem is also 
important as a means for supporting the flowers in positions 
where they may be pollinated readily. Stems may be com¬ 
paratively small and soft, as in herbaceous plants; or stout and 
woody, as in trees and shrubs. They are occasionally modified 
for special functions, such as food storage or photosynthesis. 

The Reproductive Organs and Their Function.—The root, 
leaf, and stem are all concerned with the vegetative activities of 
the plant. The production of offspring, through which the life of 
the plant maj'^ be transmitted to succeeding generations, is the 
function of the reproductive organs. The flower, typically com¬ 
posed of sepals, petals, stamens, and pistil, is concerned with 
ejecting fertilization, or the union of male and female sexual cells; 
the fruit protects the groudng seeds and often aids in their dis¬ 
persal; and the seeds are young plants themselves in embryo, 
protected by a coat, provided with a supply of food, and ready to 
begin their independent groAvth and development whenever 
favorable conditions appear. 
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Growing Regions.—-Most plant parts do not grow throughout 
their whole extent, as animals do, hut growth is limited to cer¬ 
tain definite growing points, or men'stems, where the cells remain 
embryonic and capable of continued division. Such growing 
points occur at the tips of roots and steins and aie the means b\' 
which groNMli in length is accomplished. In long-lived struc¬ 
tures, like the stems and roots of wt)ody plants, giowth in thi<‘k- 
iiess takes place through the activity of a narrow cylinder of 
cells between wood and phloem known as the ca7nbtu)ii, b\’ which 
yearly increments to these two tissues arc made. Organs like 
leaves and fruits, however, which are limited in size, grow 
throughout their tissues and not at localized growing points. 

Metabolic Processes.—C’crtain ])hysiological activities of the 
plant are not confined to any one organ but are characteristic of 
living protophisin wherever it may be. Notalde among these are 
digestion, whereby food is reiulered solulde; nssimilalion , whereby 
such digested food is incorporat<‘d into protoplasm, and respira¬ 
tion, whereby the supply of energy necessary for the plant’s 
activities is released through the breaking down of living tissue, 
with the consequent absorption of oxygen and liberation of car¬ 
bon dioxide. 

The individual plant thus consists of a number of very different 
organs, made up of different kinds of cells and performing differ¬ 
ent functions, but each part and activity is so coordinated with 
all the rest that a single living organism results. This orderly 
interrelationship is one of the iiio.st remarkable and least under¬ 
stood attributes of living things. 

QUESTIONS FOR THOUGHT AND DISCUSSION 

26. What is the practical use of having a definite system of cla-ssify- 
ing plant.s into species, genera, families, an<l other groups? 

27. Wliat explanation have you for the fact that characters drawn 
from the flower rather than from the vegetative parts of the plant are 
cliiefly used as a basis of classification in the seed plants? 

28. Classify the follomng objects into a system of “groups within 
groups,” stating briefly the characteristics by which each group may be 
distinguished from iU coordinate groups, and making what is commonly 
known as a “key” to these objects: apple, oak log, pumpkin, maple leaf, 
cotton fiber, apple blos-som, potato, tulip bulb, peanut, turnip, pine cone. 



HOTANY: PRINCIPLES AND PROBLEMS 


■M 

peach, ppnice shingle, strawberry, automobile tiro, squash seed, blade 
of grass, strip of birch bark. 

29. What advantages and what disadvantages has the scientific name 
of a plant as compared with its “common” or “popular” name? 

30. There are almo.^t as many species of thallophytes ns of angio- 
spenns, but the latter are much more familiar to most people than are 
the former. Explain. 

31. Whicli of the main divisions of the plant kingdom do you believe 
is the oldest? Explain. 

32. Which of these divi.sions contains the most plants u.seful for food? 
The largest plants? The smallest plants? 

33. To which of these divisions do plants growing in the ocean chiefly 
belong? To which do land plants chiefly belong? 

34. Name some thallophytes which are useful to man and some which 
arc harmful. 

36. There arc more botanists today who are concerned with the 
fungi than with any other plant group. Explain. 

36. Name some angiosperms which arc useful and some which are 
harmful. 

37. Which of the ilivisions do you think contains the largest number 
of plant species which are harmful to man and to his domestic animals 
and plants? Which contains the largest number of useful .species? 

38. Bryophytes and lower vascular plants have far fewer species than 
either thallophytes or angiosperms. What reason can you suggest for 
this fact? 

39. Wliat are the advantages of organization (the “division of labor”) 
in a plant? 

40. Which of the main divisions of plants shows the highest degree of 
organization within its plant body? 

41. In general, has it been the most highly organized or the least 
highly organized plants which have been most successful? Explain 
your answer. 

42. Why are living things called “organisms”? 

43. Roots are confined almost entirely to land plants. Explain. 
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44. Give an example of a root which serves as a storehouse for a large 
amount of food. 

46. What advantage has the root over the stem as a place for food 
storage? 

46. Name as many cultivated plants as you can in which the root is 
the organ useful to man. 

47. Name as many cultivated plants as you can in which the stem is 
the organ useful to man. 

48. Name as many cultivatcfl plant.s as you can in which the leaf is 
the organ useful to man. 

49. Name ten cultivated plants in which the fruit or seed is the organ 
useful to man. 

60. Name u few plant.s in which the stem is verj* much rerluced. 
Un<ler what important disa<lvantage arc such plants? 

61. The blade of an ordinary' leaf is broarl and thin. Explain the 
advantage of thi.s to the plant. 

62. Are the most import:int food crops derived from the root, tlic 
stem, the leaf, or the fruit? Explain. 



CHAPTER III 
THE CELL 

riu* rcMuarkable utivance whicli all the sciences have made 
(luring the past two centuries has been due in large part to 
improvcinont in methods of observing the facts of nature. The 
telescope, the microscope, the spectroscope, and many similar 
instruments, which are of relatively recent invention or perfec¬ 
tion. open to scientific investigation a wide range of phenomena 
with vhich man had previously been entirely unfamiliar. This 
broadening of the scientific horizon has nowhere been more 
notable than among the biological sciences. The earliest bota¬ 
nists. for exami)le, could become acquainted with the general 
external structure of the plant an<l through their dissections 
were able to gain some idea of the disposition of its tissue sys¬ 
tems; but not until a thin slice of cork was studied vnth a crude 
microscope and found to be composed of tiny cells did they begin 
to suspect that plants might have a minute structure worthy of 
investigation. Even then many years passed before the full 
importance of cells was recognized, and not until well along in 
the nineteenth century was it definitely established that all 
plants arc composed of minute units of living material. Just 
as chemical facts can be interpreted through a study of the 
properties and beha\'ior of. atoms, so the structure, growth, and 
physiological acti\’ities of plants and their organs can be inter¬ 
preted through the study of the minute cells which compose them. 
It is therefore necessai*y, before one can hope to gain more than 
a superficial knowledge of any particular plant structure, to 
devote some attention to the structure and organization of cells 
in general. 

The compound microscope, a far more powerful means of 
enlarging objects to our sight than the simple lenses which spec¬ 
tacle makers had long been producing, was invented by Jansen, 
a Dutchman, in 1590. It was some time before the richness and 
variety of the new world opened to human vision by this device 
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were realized. Robert Hooke was one of the first of the micro- 
scopists to e.xamine the structure of U\ing things by its aid and in 
1665 published a remarkable volume entitled “ Micrographia, or 
Some Physiological Descriptions of Minute Bodies Made by 
Magnifying Glasses.” In this he described among many other 
things the appearance of a thin .slice of cojk, which was “jjorous ” 
in character, something like a hone>'co!nb, but ” . . . these 
pores, or cells, were not veiy tleep, but consisted of a great man>' 
little Boxes, separateti out of oiU‘ continuetl long pore by certain 
Diaphragms.” Hooke described a similar sti-ucture in other 
plant substances such as i)ith and charcoal but is chiefly remem¬ 
bered for having proposed the name "cell” for these tiny bodies. 

The Cell Theory.—In the latter part of the seventeenth century 
the early plant anatomists, Grew and Malpighi, discovered tlie 
cellular character of other plant parts, but it was not until many 
years later that the significance of these structures was realized. 
In 1838 the German botanist Schleiden aiul his friend the zoolo¬ 
gist Schwann happened to compare the results of their .studies 
and were struck with the fact that the minute structure of botli 
animals and plants seemed always to be cellular in character. 
Thev formulated what we now call the Cell Theory, which states 
that cells are the elementary parts or structural units of all 
organisms and that growth and development in all living things 
consist in the formation of a<lditional cells, i his was a new and 
stimulating idea and gave biologists a simple foundation on which 
to build a knowledge of the structure of plants and animals. 

It soon began to be recognized that the term cell was a mis¬ 
nomer, for although the partitions between the cells were the 
most conspicuous feature of them, it was observed that the cells 
were not hollow chambers, as Hooke had described them, but 
were often filled with watery material. Robert Brown, an 
English botanist who made notable contributions to both 
taxonomy and morphology, observed in 1831 that there was a 
rounded, denser core in the center of many cells, which he called 
the nucleus. The frequently jelly-like character of the cell con¬ 
tents in living tissue was noticed, and in 1846 Von Mold proposed 
for it the appropriate name protoplasm. The zoologist Schultzc 
first formulated the modern conception of protoplasm, wliich 
regards it as the necessary physical basis of all life in both plants 
and animals. On this view the cell is a unit mass of protoplasm, 
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for which the term protoplast is much more appropriate. It is 
now known that the wall, so much more conspicuous than the 
watery and often transparent protoplasm, is really produced by 
the latter. 

The cell is now recognized as the physiological as well as the 
structural unit of all living things, a conception which is of impor- 
tjince ill many ways. It raises the profound problem of what is 
a real indii idual among organisms. Is what we regard as a 
single plant or animal really a colonial organization consisting of 
tiny individuals (the cells) bound together in a sort of organic 
.society? Or is there a higher unit of organization corresponding 
to what we ordinarily think of as an individual plant or animal? 
Is the body divided into cells, or does a group of cells produce a 
body? This difficulty lies at the basis of many problems in 
growth, development, heredity, and other physiological processes 
and is evidently of the utmost significance in the problem of the 
existence and character of individuality in man himself. 

The Plant Cell.—All cells are very small objects, the largest 
barely visible to the naked eye, and some of the smallest so 
minute that high powers of the microscope are required to dis¬ 
tinguish them. Cells which compose ordinary plant tissue vary 
api^roximately from 0.1 to 0.01 mm. in diameter, so that from 
about 15 million to 15 billion would be contained in a cubic inch! 
.\n ordinary leaf consists of many millions of cells, and a tree 
obWously contains countless billions. Bacterial cells are very 
much smaller, some of them being about 0.001 mm. in width 
and close to the limit of visibility by the compound microscope. 
Very large cells, like those of the pulp of a watermelon, may 
reach almost a millimeter in diameter. It is hard to think in 
terms of these very small objects, and one of the difficulties 
which a botanist must encounter is to carry over into his ordi¬ 
nary experience of plants the facts which the microscope ^hows 
him as to their minute structure. 

Plant cells are of many types and perform a great variety of 
functions, but there are certain characters which most of them 
have in common (Fig. 14). Their protoplasm is not homogeneous 
but consists of a denser, more or less spherical nucleus, with a 
complex internal structure of its own; and a less dense mass, the 
cytoplasm, in which may occur various minute bodies. In mature 
and functioning plant cells, the cytoplasm is usually pressed 
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closely to the wall in a thin film, and the center of the cell is 
occupied by a vacuole, or sap cavity, filled with water in which 
various substances are dissolved. Around the cell is .secreted a 
wall of dead material, consisting chiefly of cellulose. 



Fiu. 14.—Plant ccll^. A, young cell from a growing region; mature cell 
developed from ^4; C, chlorophyll*bearing cell. N, Ducloua; C, cytoplasm; V, 
vacuole; P, plo^tid. 


Protoplasm.—All the various processes which go on in the 
body of the plant, such as the absorption of water and salts, the 
manufacture of food, digestion, respiration, growth, and repro¬ 
duction—processes which in the aggregate are called “life”— 
are ultimately directed and controlled by the remarkable mate¬ 
rial, protoplasm, which constitutes the essential part of every 
living cell. For this reason protoplasm is regarded as the only 
part of an organism which is truly alive, and a knowledge of 
its structure and activities is therefore essential for an under- 
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standing of any li\ing thing. Indeed, if one could comprehend 
tlioroughly a bit of this material, he would be in a fair way 
to vmderstand all living things. Every problem of life in its last 
analysis is a problem of protoplasm. 

Ihotoplasm is difficult to study in its living condition since it 
usually occurs in very small units, the cells or jjrotoplasts, which 
are .surrounded by cellulose walls. By means of exceedingly fine 
glass needles which may be tlelieately manipulated, however, it 
is possible to puncture ami dis.soct living cells under the micro¬ 
scope and thus to learn .something of the physical characteristics 
of the living protopla.-^mic structures within them. The ordinary 
compound microscope is not powerful enough to tell us much 
about this structure, but with the ultramicroscope, which makes 
very minute objects visible against a dark field if they are illumi¬ 
nated by a beam of light from the side, it is possible to explore 
much more deei)ly. The electron microscope, which produces 
enormous magnifications, offers hope for a still more intimate 
knowledge, but the rccpiircments of its operation prevent a study 
of i)rotoplasm in living condition. Most of our knowledge of 
protoplasmic structure is still obtained from material which has 
been killed, cut into thin .slices, stained with various dyes, and 
examined under the compound microscope. Chemical analyses 
of minute bits of living material are hard to make, but much 
useful information has been obtained from the relatively large 
masses of protoplasm which form the bodies or plasmodia of the 
slime molds (p. 507). 

The physical construction and the chemical composition of pro¬ 
toplasm have been studied intensively in an endeavor to explain 
its remarkable properties, but although such investigations 
have been conducted with the aid of ever 3 ’’ modern refinement of 
analysis, and although thej’ have disclosed many important 
facts as to protoplasmic structure and activity, it must never¬ 
theless be admitted that they have not 3 ’’et yielded a knowledge 
of the fundamental chemical or physical organization of this 
material adequate to explain its characteristic “living” behavior. 
Protoplasm has a deceptively simple appearance, but the more 
biologists learn about its surprising capacities, the more con¬ 
vinced they become that it is the most complex and remarkable 
of materials. 

Physical Properties. —Physically, ordinary protoplasm is a 
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rather thick liquid !iorne\vhat resembling egg white in its visible 
properties, rather elastic, and with about the consistency oi 
glycerine. It may be considerably thinner or thicker than this 
and is often gelatinous. It varies widely in dilYerent parts of 
the plant an<l under ditVercnt comlitions. With even the highest 
powers of the microscope, protoplasm uppeajs as a clear liciuid 
(sometimes called the hyaloplasm) in which are susj>endod ininut<‘ 
granules and globides of various sizes, types, and abundance 
All these vi.sible inclusions, however, may be removed without 
changing the characteristic properties of protoplasm, which there¬ 
fore seem to lie in the ai)parently stiuctureless portion itself. 

I'erhaps the most important physical fact about pn)toplasm is 
that it belongs to that group of structures which are in a colloidal 
condition. Such substances, whether solids, licjuids, or gases, 
are in an e.\ceedingly fine .state of su!>ilivisi»)n and arc suspende»l 
in an enveloping medium which itself may be .solid, li<juid, or 
gaseous. Thus there are various types of colloidal systems, such 
a.s solids in lic|uids, .solids in gases, liquids in gases, liquids in 
lifluids, ga.ses in licpiids, and .so on. Jelly, egg albmnen, glue, 
and fine emulsions (such as mayonnaise dressing) are common 
e.xarnples. Tlie suspended particles may be large enough to Ix' 
seen under the microscope l)ut arc often mucli smaller, though 
still large in coinpari.son with particles of molecular size which 
enter into true solutions. Colloidal particles range in size from 
about 1 millionth to abotit 100 milliiinths of a millimeter in 
diameter. Progre.ssively smaller i)articles are to l)e regarded as 
single chemical molecules, and larger one.s lose the typical 
character of colloids (Figs. 15 and 10). The surface exposed by 
these minute particles is very great. If a cubic centimeter of 
starch, for example, is divided into particles of colloidal size, 
such as occur in starch pa.ste, these have an aggregate surface 
of about 00 sfjuare meters, or 100,000 times as much as tlial of 
the solid cube. This enormous 6urfa(?e necessarily has an impor¬ 
tant influence on the reactions which go on within colloidal 
systems. 

Colloids arc subject to marked alterations which may be 
brought about by very slight changes in composition. An 
emulsion of oil in water, for example (fine droplets of oil sus¬ 
pended in water), may be reversed into an emulsion of water in 
oil by a slight chemical change, and the balance between the.so 
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two states may be extremely delicate. A colloid in which the 
particles are relatively free to move (a “sol”) may also pass over 
into a semisolid gelatinous state, or “ gel,” and back again. The 
coagulation of a colloid (of which the coagulation of egg white on 
cooking is an example) is gelation which is not reversible m this 
way In general, colloids are not soluble in the true sense, do not 
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crystallize, are more \’iscous than water, coagulate easily, are 
poor conductors of electricity, and have little or no osmotic effect. 

The extreme complexity and instability which a colloidal sys¬ 
tem may attain suggest that the great variety of reactions carried 
on continually in protoplasm may be associated in some way with 
its colloidal character. 

Just what type of colloidal structure protoplasm has is not 
knonm. Some of its properties are those of a fine emulsion. 
Evidence derived from the microdissection of cells, however, shows 
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that it has a considerable degree of tensile strength,elasticity, and 
cohesiveness which could not be properties of a simple emulsion. 
It has therefore been.suggested that protoplasm may consist of a 
meshed framework of very fine fibrils extending in three <linK'n- 
sions and consisting of chains of huge protein molecules, with 
the spaces between them filled with luiuid. When these ehain> 
are bound rather firmly together protoplasm has the character 
of a watery jelly. Wlien these bonds are broken, it becomes a 
liquid and flows freely. Kven then, however, its fibrils are still 
pre.sent, and their orderly relations to each other are believed to 
give licjuid protoplasm it.s characteristic physical properties. 

Chemical Properties. —C'hemical analysis is equally disap]>oint- 
ing in giving an ultimate understanding of protoplasm. Per¬ 
haps the most important fact yielded thereby is the very large 
amount of water which protoplasm contains. This usualb 
constitutes about 80 per cent of the weight of living material 
and may go as high as 95 per cent. Water is essential to all 
living things, for physiological processes in plants and animals an* 
carried on in solutions, and the maintenance of a sufficient su])ply 
of water for these processes is consetpiently of the utmost 
importance. 

The remainder of the protoplasmic substance consists chiefly 
of proteins, that group of organic compounds which are composcfl 
of carbon, hydrogen, oxj'gen, nitrogen, stilphur, and phosphorus, 
the last element being i)articulariy important as a constituent 
of the nucleus. Fats, sugars, and various mineral salts are also 
present. Proteins, how'ever, are the characteristic components 
of protoplasm; but a satisfactory chemical analysis of these mo.st 
complex of all organic substances, particularly as they exist in the 
living cell, is at present impossible to obtain. They seem to exist 
mo.st commonly in long molecular chains. The great variety, 
complexity, and instability of these proteins are factors in the 
remarkable intricacy of living material in general. 

In protoplasm there are continually taking place a wide 
variety of chemical and physical changes, which in the aggregate 
are called inetabolism. Here, too, is the seat of the often 
extremely keen sensiti\nty of living material to outer changes, a 
sensitivity based on the unusual irritability of protoplasm. Fur¬ 
thermore, all growd-h among organisms consists in the increase in 
amount of li\nng material, which has the significant property of 
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being able to convert lifeless organic matter into now protoplasm 
exactly like itself. 

It is difficult to explain these cjualities, which are those of hte 
in general, bv a minute analysis of the physical and chemical 
constit uents of protoplasm. Itspvoperties seem to result, instead, 
from the fact that these constituents are built into an organized 
(h'namic s>/slcm of some sort, the character of which has thus far 
,‘iuded discovery. One’s whole philosophy is affected by his 
belief as to the essential nature of this remarkable material. If 
he regards protoplasm as a physicochemical mechanism, differing 
in no essential i)articular from others with which we are familia^ 
in the lifeless world, his philosophy is that of a “mechanist 
and leans toward determinism and a rather rigid view of the 
universe. If he finds difiiculty in explaining protoplasmic 
activity in familiar physicochemical terms and is con\nnced that 
freedom rather than deU*rminism is the ultimate truth, he will be 
inclined to assume in li\'ing material the operation of factors not 
yet understood and perhai>s absent in simpler systems. One s 
final attitude toward life may well be that of a poet or an artist 
or a mvstic; but if, ns a biologist, he is to study the activities of 
protoplasm, he must treat it as a strictly material system and 
<'inploy with it the rigid experimental methods of the sciences il 


his results arc to be of value. 

The Origin of Protoplasm.—The origin of protoplasm and its 
distinction from lifeless matter arc evidently the ultimate prob¬ 
lems of biolog>'. One fact seems reasonably certain—that new 
protoplasm does not arise by itself in lifeless material but must 
always be produced by previously existing protoplasm. “All 
life comes from life.” One of the most vigorous controversies 
in the historv of biology was waged over this question. The 
earlier biologists believed that life could arise spontaneously 
wherever conditions were favorable for it and cited the appear¬ 
ance of maggots in a piece of meat exposed to the air for a few 
days. The zoologist Redi, however, showed that if such a piece 
of meat were covered with a netting (wliich prevented flies from 
laying their eggs in it) the maggots faUed to appear. As biology 
advanced, these earlier and cruder ideas of the “spontaneous 
generation” of life were gradually given up. The invention of 
the microscope, however, and the proof by its means that there 
were teeming billions of minute living things, invisible to the 
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unaided eye, favored a belief in spontaneous generation, lor ji 
.'teemed easier to imagine a tiny, single-celled plant or animal 
taking its origin in the midst of a mass of -nitable material than 
to imagine a similar origin for a larger and more eomi)lex organ¬ 
ism. About the middl<* of tlie nineteenth centurv tiie tlieor\ 
of spontaneous gemaation wa-^ held by many distinguished 
scientists but was vigt»r«)usly denied by I’a>tenr d ig. 17 ), tlie 
great French l)i<»logist and fmiinlc r of the science of bai tei iolog\ 



He showed that if broth, hay infusion, or li<iuids similai ly rich 
in food material (which .soon swai-me<l witli miriulo orgaidsm.s) 
were freed from all tlicse by boiling, the organisms di<i not again 
appear unles.s outside air, wliieh I’asteiir maintained was full of 
living .spores, had access to the litjuid again. His opponents 
tlenied this, claiming that the action of air alone on the broth 
was sulhcient to cause the origin of the tiny bacteria. I^asteui- 
leplied by proving that if air were free from spores it would not. 
cause the appearance of the organisms, lie did this by boiling 
broth in glas.s flasks and immediately scaling them, in which 
state they would remain free from living contents indefinitely; 
after carrying sonic of these flasks far up into the iVlps, wher«! 
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the air was presumably free from dust and spores, he broke the 
sealed tips of the flasks, allowed some air to enter, and then 
sealed them up again. Under these conditions no organisms 
appeared. Evidence of this sort \iltimately convinced the 
sceptics and established the fact not only that there are hosts 
of tiny living spores almost everywhere on the earth’s surface— 
a conclusion surprising enough—but that even among these 
simplest of living things, protoplasm does not originate l)y itself 
but is always i)ro(lucod by other protoplasm. 

Of course this conclusion merely pushes further back tlie 
(luestion of the origin of life, without aiding at all in its solution. 
It has been suggested that conditions may have been more 
favorable for the synthesis of living protoplasm in earlier ages 
of the earth’s history or that primitive germs of life, able to 
willistantl the cold of space, were shot into our atmosphere from 
s<)mc distant planet by the pressure of light. Even the possi¬ 
bility of spontaneous generation has cropped up again through 
studies of what arc caWed filterable viruses, bodies too small to be 
visible, and able to pass through the finest of filters, but respon¬ 
sible for certain diseases; these arc, perhaps, extremely minute 
living organisms, much closer to lifeless matter than anything 
else that we know. 

The Nucleus.—The protoplasm of a cell is not homogeneous 
but contains within it a number of specialized structures, chief 
among which is the nucleus (Fig. 14, N). This is an approxi¬ 
mately spherical body, markedly denser than the rest of the 
protoplasm and bounded by a definite membrane. The nucleus 
is evidontlj'^ the directing center for the more important physio¬ 
logical actiWties of the cell, such as the synthesis, digestion, and 
assimilation of foods, the formation of the cell wall, cell di\’ision, 
growth, and the transmission of hereditary traits in reproduction. 

4''hat the nucleus is essential in these various functions has been 
proved in a number of different ways. Cells from which the 
nucleus has been removed artificially will often live for a time 
but fail to carry on actively their normal metabolic processes, sug¬ 
gesting that the nucleus produces and secretes, into the rest of 
the cell, enzymes and other substances which regulate and control 
its actiNuty. A study of cell division (which vnl\ be considered in 
a later chapter) shows clearly that this process is also initiated 
and carried out primarily by the nucleus. Finally, experiments 
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in the inheritance of traits in plants and animals indicate that in 
all probability the hereditary material which an olTsj^ring recei\ e-' 
from its parents is actually transmitted by the chromosome^, 
minute bodies within the nucleus. 

The bulk of the nucleus consists of a clear liquid, the nmUtir 
sap. Embedded in it is u network of denser material, the rttim- 
lum. Portions of this are relatively thin and are sometimes 
known as the linin; other portions, which are thicker and can be 
stained very easily, are called tlie chromatin, though the ilistinc- 
tion between those two materials often is not a sharp on<*. At 
cell di\'ision this nuclear network be(M)mes aggregated into definit<* 
bodies, the chromosomes, wliich are uniform in number in a given 
species and retain their specific size and shape (Fig. 115). Almost 
all nuclei also contain a nucleolus, a small, dense, rounded mass of 
material the function of wliich is not clearly umlerstood. 

Chemically, the nucleus is much like the rest of the protoplasm 
except that it contains a large amount of characteristic nucleo- 
proteins, of which [ihosphorus is an important <‘onstituent. 

A cell usually contains a single nucleus, but in certain cells, 
known a.s cocnocyUs, there may be many nuclei. Indeed, among 
some of the algae and fungi the entire plant body is a single fila¬ 
ment, often long and much branched, which in quite without 
partitions, thus seeming to be a single huge cell jirovidcd with 
hundreds of nuclei. 

The Cytoplasm. —The remainder of the protoplasm of the 
cell is known collec^tively as the cyto[)lasm and in a typical 
mature plant cell is disposed in a rather thin layer just inside the 
coll wall and immediatoly surrounding the sap ca\'ity (Fig. 14, C). 

In the cytoplasm arc carried out the various activities of the 
cell under the control of the nucleus. Some of these seem to be 
performed by the cytoplasm as a whole, but others are associated 
\nth definite bodies of various sorts, notably the plastids (Fig. 14, 
P). Important among these are the chloroplasts, usually small, 
roundi.sh bodies present in the cells of the green tissue of loav'es 
and in certain other parts of the plant exposed to light. These 
contain chlorophyll, through the activity of which organic food is 
manufactured. Chromoplasts, which arc related closely to chloro- 
plasts and may be derived from them but which contain other 
pigments, are responsible for most of the red and yellow colors 
of plants. The change from unripe “green” fruit to the ripe 
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condition in many plants is due to the conversion of chloroplasts 
into cliromoplasts. I.cucoplasts arc colorless plastids which ordi¬ 
narily serve as centers for the deposition of starch grains in 
storage tissues and may also be derived from other plastids. 

In addition to the plastids there arc usually other bodies in the 
cytoplasm which are very minute and appear as tiny granules, 
ro<Is, or threads, the nature and functions of which are not well 
understood. They are called chondriosomes or mitochondria 
(1‘^ig. 18). It has been suggested that they are the bodies from 



Fn». 18.—Colls from Hyaciuthu^, loft, and Philadelphxu^ riRht. showing mito¬ 
chondria (dark elongnto bodiOH) and plastid.s (round ones) with transtionnl stages 
hot ween the two. (After L. E. Atuterson,) 

which plastids develop, that they arc concerned tnth respiration, 
or that they are merely food substances. 

These bodies all seem clearly to be parts of the living material 
of the cell, but there are many other objects in the cytoplasm 
which are evidently mere dead inclusions. Among these are 
starch grains, which in storage tissues become so numerous as 
to fill the whole cell. Crystals of various sorts are common in 
plant cells and in most cases are probably to be regarded as waste 
products. They may be elongated, needle-like structures 
(raphidcs) or more massive and complex forms, of which the 
crystals of calcium oxalate are common types. Oil globules and 
food masses of various sorts are also frequently found. 

On the outside of the cytoplasm (next the wall) is developed 
a delicate plasma membrane, and a similar vacuolar membrane 
separates cytoplasm and vacuole. Through one or both of 
these membranes must pass everything that enters or leaves the 
cell. These function as osmotic membranes and thus control 
the entrance and exit of water. It is noteworthy that these 
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membranes are permeable to certain dissolved substances but 
impermeable to others and that this permeability varies in 
dilTerent tissues and under dilYerent conditions. The character 
of its cell membranes is thu.s of the utmost significance to tlie 
plant, since they control the interchange of all material between 
the cell and its environment. 

The cytoplasm is not (piiet but flows or streams from on<* jiart 
of the cell to another. In most cells this movement is not con¬ 
spicuous, but where plastids or other visible bodies are carried 
by the streaming, it-s course becomes easy to follow. Sometimes 
the inner portion flows but that next the wall is fixed. 1'he 
direction of movement is cyclic, the thin cytoplasmic layer flow¬ 
ing steadily around the cell, though often there are thickm stramls 
where the motion is particularly rapi<l. Its course may be 
re\'ers(*d, and adjacent straiuls may sometimes flow in ofiposite 
tlirections. I'he rate of flow is afTected by einironmental con¬ 
ditions, especially temperature, ami in general is most raf)id 
when physiological activity is highest. What causes cytoplasmic 
streaming is not at all well understood. 

Vacuoles. In animal cells ami in young plant cells the nucleus 
and cytoplasm fill most of the cell, but in typical mature plant 
cells the central portion is occupied by a rlroph*tof ii<piid, tlie 
vac.HoU'^ or ciivily (Fig. 14, \*). 'riiis usually originates from 
tlx; fusion of a number of smaller vacuoles which are present in 
the embryonic; cell. 'I'he wat<‘r within the sap ca\ity. or nil 
nap, contains various substances in solution, notable among 
which are sugai's and oi'ganic acrid.s of various types. Pigments 
are often present here, and most of the purple and blue colors 
in ])Iants are sap cohjrs. In addition to the large vticuoles 
there may be many smaller ones in the cytoplasm. Wat<‘r and 
dissolved substances enU*r the sap cavity by diffusion through 
the cytoplasmic membranes, and the concentration of the sap 
solution is an important factor in determining the rate of this 
diffusion and in maintaining the cell in a plump and well-filled 
condition. 

The Cell Wall.—The li\ing protoplast produces on its outer 
surface a wall which serves as a skeletal framework for the cell 
and thus for the entire plant. The presence of a definite waJI 
is one important particular in which cells of plants differ from 
those of animals. Most walls are composed chiefly of the char- 
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acteristic j^lant substance cellulose, a carbohydrate \\ith the 
general formula (C 6 H,o 05 )„. Since the wall is formed by the 
cytoplasm, its oldest portion is on the outside and the progres- 
si\-ely younger ones toward the inside, where the last-formed 
part is still in contact -rtith the li\dng material. Most cells 
touch neighboring cells and although the wall which separates 
them seems to be a simple one, actually it consists of two walls 
tightly bound together. One is produced by the protoplast 
on one side, and the other by the protoplast on the other. These 
are tightly pressed against each other and are cemented together 



Pn,, pj.—Tronsverso jsccUon throviith » Rroup of lifuiifiod wood colls showing 
the priumry wuU (black) and the tjccondury wall (white). Dotwocn two of the 
colls is a bordered pit¬ 
hy a layer of intercellular material, sometimes called the middle 
lamella, which is derived from the first partition which separated 
the two cells. It is composed chiefly of pectin, a substance allied 
to cellulose and responsible for the “setting” of jellies made 
from vegetable materials, and it is of much importance in the 
plant since it is the material which binds the cells of the body 
together. In most tissues it appears as a tliin line or layer in 
the middle of the cellular partition. 

In the typical cell wall a number of layers can be distinguished 
(Fig. 19). On the outside, next to the middle lamella, is the 
earliest, or primary, wall, usually very thin and formed when the 
cell was increasing in size. Inside this, and much thicker and 
firmer, is the secondary wall, which in most cells is not formed 
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until cell enlargement has ceased. It is this wall which is of 
much economic importance, for it forms most of the fibers 
produced by plants, such as cotton, flax, hemp and many others 
and constitutes tlic bulk of a!! wood, hroin it are manufactured 
rayon, cellophane, nitrocellulose, certain plastics, and many 
other important mateiials. The chemistry of cellulose and the 
character and method of deposition of tliis wall have, therefore, 
been actively studied for many years. Recent investigations, 
particularly with X rays and jmlarizetl light, indicate that the 
wall has a very definite chemical structure, long chains of CellioO-, 
units being held together in a three-dimensional pattern much 
as arc the constituents of a crystal. The wall is apparently 
never composed of one homogeneous .substance, and the fre- 
fiuent layers, or lamellae, are doubtless an imlication of this 
chemical diversitv. In walls which are hard and wootlv, the 
wall is lignifu'd by imj^regnation with lignin, a change which 
sometimes occurs in the later ilevelopment of the i>rimary wall 
as well. In certain tissues the secondarv wall mav contain other 
substances, notably suberin and cutin, which tend to render it 
impervious to water. 

It is uncertain whether the wall gains in thickness by the 
addition of layer after layer to its inner surface or by the deposi¬ 
tion of new material within the wall substance. In anv case 

% 

the cellulose, whether in single molecules or larger units, must 
be formed in living cytoplasni and thence in some way becomes 
incorporated into the cell wall. Localizetl thickenings in this 
wall are often related to particularly dense cytoplasm. 

The transfer of water between cells is facilitated bv the 
occurrence of thin areas, or 'pits, where the secondary wall, at 
opposite points in two adjacent cells, docs not develop. In 
cells which normally retain their protoplasm, these pits arc 
simple (Fig. 21, E), but in the dead, water-conducting elements 
of the w'ood, complex bordered pits occur (Fig. 19). 

In cells with very thick walls there are sometimes tiny jjroto- 
plasmic threads, or plasmodesmata, which penetrate the wall 
and seem to establish protoplasmic connections from a cell 
to its neighbors, a condition which may have an important bear¬ 
ing on the physiological interrelations between cells. 

Cell Physiology.—All the physiological activities of a plant, 
in the last analysis, arc protoplasmic activities and are therefore 



52 


liOTAW: PIUSCIFLES AXD PIiOBLE^/S 


caiTicd oil ill living colls. Most of these will be discussed later, 
chiefly in connection with those regions of the plant body where 
particular activities arc taking place. One physiological process, 
however—the interchange of materials between a cell and its 
environment —is so intimately related to the structure of the 
cell itself that it should be considered in the present general 
discussion of plant cells. 

iiie ph\-sical and chemical processes concerned in the absorp¬ 
tion by a cell of gases, water, and dissolved materials from its 
neighboring cells or from the air or soil are still far from being 
well understood and involve many of the fundamental problems 
of plant i>hysiology. Diffusion, osmosis, membrane permea¬ 
bility, antagonism, ionic interchange, respiration, and mechanical 
factors of several sorts may all be concerned, and some of these 
will be tliscussed briefly here. 

Diffusion .—Certainly one of the important processes involved 
is dilTusion. ^rhis may be deflned as the tendency of any sub¬ 
stance, when it occurs as a gas or in solution, fo become cveyily 
ilisfributcd throughout the whole space available to it by moving 
from points of greater to points of lesser concentration. Its opera¬ 
tion is familiar in the tliflusion of odors, for the minute particles 
given off by any strongly scented substance will move outward 
rapidly, even in perfectly still air, and will soon become ccjually 
distinguishable in all directions from their point of origin. Two 
gases liberated within a closed space soon diffuse throughout its 
whole extent and become thoroughly mixed. In the same way, 
the dissolved particles (molecules or ions) from a crystal of salt 
dissolved in a vessel of water wnll in time become dispersed so 
uniformly, even though the liquid is free from mo\dng currents, 
that samples taken from any part of the contents of the vessel 
will be salt solutions of the same strength (Fig. 20). This con¬ 
stant tendency toward diffusion is explained by the fact that in 
gases and solutions all particles are in very active movement, 
continually striking against one another and rebounding. There 
obviously are few'est collisions, and thus most frequent oppor¬ 
tunity for unobstructed movement, in those directions where 
there are fewest particles, and in such directions a dispersal of the 
particles therefore necessarily takes place until they are present 
everywhere in uniform abundance. The principle of diffusion 
is operative in so many of the physiological processes of plants, 
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invohnng the exchange of gases as well as liquids, that it must 
be thoroughly giaspecl if these processes are to he understood. 

Osmosis .—hen two licjuids are separated by a meinbrano 
through which they can pass, diffusion between them will still 
take place. Such diffusion through a membrane is called osmosis, 
and it tends to continue (if the permeability of the membrane* 
allows) until the composition of the liquids on both sides of the 
membrane is the same. If a soluti»>n of salt in water, for exam¬ 
ple, is present on one side and pure water on the other, the salt 
uill tend to diffuse through the membrane into the water, and 



Fju. 20. -Diffunion of u di»8oivccl aubstancc. Dia^nitii roprc*»enlniK (lio cni(« 
ward difruMioTi of molecule.^ that are l>cing diKsoIvcd from the surface of a soluble 
Hubstanc’c iniruorsod in water. 

the water into the salt solution, until the concentration is t}»e 
same on both sides of the membrane. It is important to note 
that the concentration (the number of dissolved i>articles per 
unit of volume), rather than the total amount of the substance 
or the bulk of the solution, is the factor w'hich determines the 
direction and rate of diffusion. It is by diffusion through the 
cytoplasmic membran<!S of the root hair that water and mineral 
salts in the soil solution enter the plant. 

The Injluence of the Membrane .—Osmotic diffusion is compli¬ 
cated, how’cv'cr, by the character of the membrane. If this is 
equally permeable to everytliing, so that water and all substances 
dissolved in water, for example, can pass through it without any 
hindrance whatever, diffusion between the liquids on the two 
sides of the membrane will take place just as though none were 
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tlicre, and equality of composition and concentration will soon 
be attained. If the membrane is impermeable to everything, on 
the other hand, obviously no difYu.sion can take place. If the 
membrane is neither comjiletely permeable nor completely imper¬ 
meable, however, but allows certain substances to diffuse through 
it' while preventing, or at least retarding, the diff\ision of others, 
then the attainment of equal concentration on both sides of the 
membrane necessarily is accomplished by an unequal int-crchangc. 
Let us assume, for example, that a membrane is permeable to 
water but impermeable to dissolved sugar; and that on one side 
of this membrane there is a strong solution of sugar in water, 
and on the other side a relatively weak solution. Diffusion, as 
before, will now tend to equalize the concentration on the two 
sides of the membrane, but the sugar molecules, instead of passing 
from the solution where they are relatively abundant to the one 
where they are relatively scarce, will strike the membrane but 
fail to pass througli it at all; whereas the water molecules, tend¬ 
ing to dilTuse from the region where they are relatively abundant 
(the weak solution) to the one where they arc relatively scarce 
(the strong solution), will be able to do so, since they can readily 
pass through the membrane, and this viovcmcni of water will 
continue until the concentration (number of dissolved particles per 
unit of volume) is equal on both sides. It is evident, therefore, 
that when two solutions of unequal concentration are separated 
by a membrane which is permeable to water (or any other 
solvent*) but is impermeable, or less permeable, to the dissolved 
substance or substances, water ^\■ill pass from the less to the more 
concentrated solution until equilibrium is attained. This is 
what happens when such an experiment is tried in the physical 
laboratory. The more concentrated solution tends to expand 
and thus exerts a pressure, if confined \s’ithin a closed space, 
which may be very great. A membrane of the sort just described, 
which allows water to pass through it but prevents the diffusion 
of a dissolved substance, is called semipenneable, and it is an 
important biological fact that the membranes in living cells are 
of this type. 

Osmotic membranes, both living and dead, differ markedly in 
the ease with which dissolved substances of various sorts can 

• Osmotic phenomena are shown by other solvents than water, but water, 
of course, is the all-important solvent in physiology. 
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diffuse through them. One membrane may be freely permeable 
to a given substance; another may allow it to pass slowly, and 
another may be quito impermeable to it. Nor does the same 
membrane affect the diffusion of all substances to an equal degree, 
for some may pass tjirough it easily, others with dilfieulty, ami 
still others not at all. To what these differences are tlue is not 
known, but they presumably are dependent upon the relation 
between the structure of the membrane and the size and character 
of the molecules of the di.ssolvcd substances. 

Insoluble substances cannot diffuse and obviously have no 
osmotic effect. Sugar, for example, is soluble and osmotically 
active, but when it is converted into starch this is imsoluble and 
can no longer diffuse. The osmotic activity of a solution is 
determined by the total concentration of dis.solved particles 
(molecules or ions) in it, and not by their chemical nature. 
It is also important to understand that a dissolving liquid and 
the substance dissolved in it diffuse independently of one another. 
Given the proper conditions, it is quite possible for a dissolved 
substance to pass through a membrane osmotically with no 
movement of water taking place at all. or for water to move 
without a movement of substances dissolved in it, or for water 
to pass in one direction and dis.solved substances in the opposite 
one. Furthermore, each kind of dissolved substance tends to 
diffuse independently of the others until its concentration is 
equal everywhere. These principles apply only to diffusion, but 
it should be remembered that other factors also affect movement 
of dissolved substances. 

Diffusion and Osmosis in the Plant Cell.—It is these principles 
w'hich play an important part in many of the physiological 
activities of cells. The cell wall is ordinarily compo.sed of 
cellulose. Like most colloidal materials, cellulose has the 
capacity of absorbing \vater vigorously by iinbibiHon and will 
therefore swell considerably if placed, when dry, in contact with 
water. This expansive ability of the cell wall is of some value 
in certain of the plant’s activities, as in the germination of the 
seed, but the wall of an ordinary living cell is moist and has 
imbibed water to the limit of its capacity. Water, and most 
substances in solution, pass through this cellulose wall with 
readiness, and since it ordinarily offers little resistance to diffu¬ 
sion, its osmotic effect is usually slight. 
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As has been noted, in the mature plant cell the cytoplasm 
is disjx^rsed in a thin layer closely pressed against the inner 
surface of the cell wall and completely surrounds a large central 
vacuole, or sap cavity, filled with water in which various sub¬ 
stances, sugars usually prominent among them, are dissolved. 
On its outer surface next the wall, and on its inner surface next 
the sap cavity, the cytoplasm is bounded by a delicate membrane, 
so that here are fulfilled all conditions necessary for osmotic 
activity—one solution, in the sap cavity, separated by a mem¬ 
brane (or membranes) from another solution, which may be the 
soil water or the sap solution of an adjacent cell. 

These cytoplasmic membranes offer marked resistance to the 
diffusion of certain substances and thus are highly important in 
cell physiology. They are characteristically semipermeable, 
preventing the diffusion of such substances as sugar, which 
arc dissolved in the sap cavity; and the cell, as already noted, 
is thus able to retain these valuable materials within itself 
and to use them as a means for bringing in osmotically a supply 
of water from the soil or from adjacent cells. To the essential 
mineral salts and to many other dissolved substances, however, 
these membranes are generally permeable, though in varying 
degrees, and the cell is therefore readily able to absorb a supply 
of such substances from any adjacent solution. It has been 
found by experiment that the degree of permeability of the 
liv'ing cell membranes is not a fixed and constant one but is 
subject to change from moment to moment in response to changes 
in the environment or in the protoplasm itself. A cell which at 
one time admits a given substance very readily may at another 
allow it to enter but slowly or may exclude it altogether.. Many 
of the physiological activities of the cell are apparentlj’’ regulated 
by changes in the permeability of its membranes. 

The rapidity with which a substance passes through a mem¬ 
brane is due not onlj'' to these differences in permeability but to 
differences in the concentration of the solutions on the two sides 
of the membrane. Where this difference is great, osmotic 
diffusion will be more rapid than where it is slight. Therefore 
if the concentration of a dissolved substance within a cell is 
reduced, either by its diffusion into an adjacent cell or by its 
conversion into an insoluble form (as must occur when it enters 
into the construction of a complex organic molecule in the 
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protoplasm), the rate at which a new supply ent-ers the cell 
from without tetuls to increase correspondinglv'; hut when its 
concentration becomes etpial witliin and witliout the cell, move¬ 
ment of this particular substance by tliffusion ceases, even 
though others are passing thro\ig[i the membranes. 

Other Osmotic Effects. —'^Fhe movement of water and dissoh'ed 
substances from cell to cell by diffusion through cytoplasmic 
membranes is of significance to the plant in other ways than by 
providing a suj)i)ly of these materials. If a cell has a relatively 
strong sap solution it will tend to absorb water \igorously and 
to become fully exi)anded and plump, or turgid, and to press 
tightly against its neighboi*s. If all the cells arc turgid in this 
way, the whole plant will become erect and firm. The con¬ 
siderable turgor d<*\'eloped in a cell would burst the delicate 
cytoplasm were it not for the relatively stout cel! wall by which 
the whole is surrounded and which becomes tightly .stndched. 
A turgid cell thus somewhat resembles a football or basketball 
or an automobile tire, in which the delicate rubber bladder may 
be infiat(;d under a high air pressure but is prevented from expand¬ 
ing by the firm covering to which it is tightly j)res.sefl. A plant 
tissue whi<'h is turgid essentially consi.sts of tiny cellular balloons, 
cemented together and osmotically inflated. In the case of 
parts which do not possess a firm skeleton, such as leaf blades, 
floral organs, or other comparatively soft structures, this tiir- 
gidity is neces.sary to maintain their form, firmness, arul proper 
functioning. Conversely, if a cell is exposed to a solution of 
greater concentration than that of its cell sap, water will b<* 
withdrawn from it, it will deflate and collapse, and its cytoplasm 
will be pulled away from the walls. Such pla.’imolijsis, if extreme 
or long continued, will result in the death of the cell and, if 
exten.sive, in the death of the plant. 

The amount of cell expansion is evidently determined by two 
factors, the osmotic concentration of its cell sap (which tends 
to draw water into the cell with a certain osmotic pressure) and 
the resistance of the wall to stretching (its wall pressure). In 
cells with thin and weak walls, this w'all pressure is slight, but 
in those with thick ones it may be considerable. The abilitj' 
of a cell to absorb water (sometimes called its suction pressure) 
is the osmotic pressure of its sap minus its w'all pressure. Where 
the wall pressure equals the osmotic pressure, no more water 
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will enter the cell, even though its osmotic concentration is 
liigher than that of adjacent cells. A cell with a relatively low 
osmotic pressure but also a low wall pressure may absorb water 
from one which has a higher osmotic pressure but also a higher 
wall pressure. 

Osmosis plays an essential part in growih, for at any growing 
region there is a point w here the cells are multiplying in number 
but are still small, and another point behind this wiiere each 
expands rapidly to its final size. This expansion, with the con- 
se(\uent stretching of the cell walls and grow*th of the tissues, 
is ajiparently due to the rapid absorption of water by the young 
and delicate cells, the sap of which is rich in dissolved sugar. 
The force exertod by a growing region is thus primarily that of 
osmotic pressure. 

When the cytoplasm of a cell dies, its membranes are destroyed 
and the cell becomes completely permeable to dissolved sub¬ 
stances. One of the intlications of poor health or approaching 
death in a cell or tissue is the increase in permeability of its 
membranes. 

Other Factors.—The entrance of one dissolved substance 
may be greatly affected by the presence of another. Thus the 
movement of sodium into a cell will be much reduced or pre¬ 
vented if calcium is also present. Such a relation betw’een 
dissolved substances is termed antagonism and is of considerable 
importance in plant nutrition, for the harmful effects of particular 
substiinces may be neutralized if the cellular environment is 
physiologically “balanced.” 

Diffusion is not the only method by which materials enter a 
cell. There is ample evidence that under certain conditions 
dissolved substances, at least those in an ionic state, wdll enter 
from the outside even though there is a greater concentration of 
them inside the cell. Such a movement is directly opposite 
to what w'ould take place by diffusion alone and therefore 
must require an expenditure of energy. This energy apparently 
comes from cellular respii'ation, since, if respiration is inhibited, 
the entrance of dissolved substance against a higher concentration 
will not occur. This active accumulation of materials from 
dilute solutions takes place chiefly in growing and dividing cells, 
where the rate of respiration is relatively high. The mechanism 
of accumulation is not well undemtood, but is probably concerned, 
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at least in part, with the electric charges carried by the x'arious 
ions. This type of accumulation is quite dilYerent in character 
from that which occurs where a substance is continually being 
removed from solution and built into insoluble cellular com¬ 
ponents, thus keeping its concentration in the cell solution low 
and enabling more to enter by difYu.sion. 

Tissues.—The plant body consists of a great variety of cells, 
differing in size, shape, and other respects, these differences being 
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Fio. 21.—Various of ccI\h. A. a %vou<l li. n trarheid; C\ a vc.*«el 

cell; D, fi bievo tube with its row of companioti ocUm; a parenchyma cell from 
the wo^; P, a ^andular hair, consisting of boveral colU; 6\ o group of cells from 
a growing region; //, two epidernml colla in section: /, four thin-wuUed par¬ 
enchyma colls from a storage region; J, u group of coUenchyiiia cells; A', a stoma 
with its two guard ceUs« seen in face view. Four adjacent epidermal cells are 
also shown. L,, a very thick-wollod **stone cell** in scloronchytna. 

a reflection of the particular physiological acti\’ities witli which 
each is concerned (Fig. 21). 

In the simplest types of cells, which are essentially sphere.s 
packed together and flattened by mutual contact, it has been 
shown that each tends to have fourteen sides, a geometric figure 
known by the formidable name of tetrakaidekahedron. This 
fundamental shape is usually obscured by later cell g^o^^'th, 
however, and is modified in many ways (Fig. 22). 
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A group of cells which perforin the same function is called a 
tissue. Tissues may he classified in various ways, but it is most 
convenient to distinguish four groups: Meristematic, Funda¬ 
mental, Protective, and Vascular. 

Meristematic Tissues (Fig. 21, G ).—These consist of masses of 
cells whicli persist in their embryonic and undifferentiated state, 
thus remaining capable of division, and which occur at growing 
])oints, either terminal or lateral. They are the means by which 



Fig. 22.—Typical parenchyma cells from the pith of Ailanihus, shomng vari¬ 
ation in shape and nunil>cr of faces. / and 11 faces; 12; 13; ^ and 7, 14; 

S and 9^ 10; JO, 17, {From li. L. Hulbary.) 

growth is accomplished. Meristematic cells are small, possess 
very thin walls, and are much richer in cytoplasm than most 
other cells. The nucleus is larger in proportion to the cell, and 
vacuoles arc numerous and small or may be absent. 

Fundamental Tissues (Fig. 21, /, J, L ).—Masses of cells dis¬ 
playing relatively little specialization in structure or function 
are called fundamental tissues. They constitute the bulk of the 
softer plant parts, such as the pith and cortex of stems, leaf tissue 
except for epidermis and veins, and the major portion of fruits 
and other massive plant parts. Most fundamental tissue cells are 
thin-walled, udth a large vacuole, and retain their living contents 
for a considerable time. To such rather simple cells the name 
parenchyma is given. They function as storage reservoirs, as 
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cells for food synthesis (ospceially in leaves), and in a number 

of other capacities where extreme specialization is unnecessarv. 

% 

Those which are slightly elongated and are tliickened onlv at 
their corners (as seen in cross section) are known as collenchijvui 
and are particularly common in the outer layers of the stem 
In more extreme eases the cells have very thick and heavily 
lignified secondary walls which often fill almost the entire cell 
cavity, and the living contents soon die. leaving an empty woody 
shell. Such sclerctickyma cells may not be much longer in one 
dimension than in another, as in the stone cells forming the walls 


of nuts and other hard plant parts (except wood); or they may be 
greatly elongated, as in the fibers which contribute to the rigidity 
of manj’’ plant parts. 

Proleetive Tissues (Kig. 21, /’, //. K ).—The outer cell layers in 
the plant bodj' are so modified that they prevent undue loss of 
water from the underlying tissues. This is accomplished by a 
chemical modification of their outer walls, d'lie surface covering 
of all soft parts is a single layer of su<di cells, the epidermis, in 
which the outer wall is covered with a waxy material, cutin, 
whicli forms a continuous waterproof layer, the cuticle. Special¬ 
ized cell.s or groups of cells in the epidermis are elongated to form 
hairs, or trichomes (Fig. 23). These are of many sorts and may 
serve as glands, as protective structures, or as means for retlucing 
the evaporation of water. The epidermis is not continuous but 
is perforated by stomata (Fig. 57), each consisting of two spec'ial- 
ized guard cells capable of .separating from each other and thus 
forming a pore. In the older and harder parts, especially of 
stem and root, the epidermis is replaced by a layer of cork, 
several cells thick, in which the secondary walls arc impregnated 
with a fatty substance, suberin, and are thus ren<lered essentially 
impervious to the passage of water. 

Corulucling or Vascular Tissues (Fig. 21, A~E ).—The function 
of conduction is carried on by cells which arc much elongated in 
the direction of the flow of material and arc highly specialized 
in structure. The water-conducting tissues arc known collec¬ 
tively as wood, or xylem. The characteristic cells here have a 
thickened and lignified cell wall, and the cytoplasm disappears 
soon after growd-h has ceased. Passage of water from cell to 
cell is through bordered pits or (in vessels) perforations in the 
wall. These cells contribute to mechanical support as well as 
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to conduction and include the fibers, tracheids, and vessel cells 
which make up the bulk of the wood of stem and root (Fig. 79). 
Among these lignified elements are often distributed parenchyma 



Fio. 23.—VnriouB typos of plont hairs. A, from corolla of Epigata; B, from 
leaf of Coreopsis; C, from loaf of Cueumis; D, from stem of Onopordum; B, from 
corolla of Phyrma; F, from loaf of Avena; O, from young loaf of Plaianus; H, 
from stom of Aubrietia; I, from frxiit of Rubits; J, from calyx of Heliotropium. 
{From Eames and MacDaniels.') 

cells of various t3TDes and functions. In those cells of the xylem 
which are the first to become diiferentiated at growing points 
and are thus called the protoxylem (Fig. 80) the lignified secondary 
wall is not laid do\vn over the whole surface but occurs in rings 
or spiral bands, thus allowing for the elongation of the cell. The 


THE CELL 


03 


later-formed xylem where the secondary' walls of the cells are 
continuous, except for pits, is kno\\*n as the nutaxylcm. 

The tissues which conduct the manufactured food (chiofly 
sugars and proteins) are known collectively as the phloem. 
1 he characteristic cells here are .sure tubes, elongated elements 
in whieli tlie end walls (in more primitive types the side walls) 
are pro\'ided with groups of perforations, the sieve plates, through 
which strands of cytoplasm are believe<l to pass from cell to cell, 
thus affording ready communication between them. Xuclei 
are absent from sieve tubes, but adjacent to these cells, in higher 
plant groups, are smaller companiofi alls in which nuclei occur. 
Phloem ti.ssue is al.so pro\'ided with ijarenchyrna cells and in 
many cases with fibers. 


QUESTIONS FOR THOUGHT AND DISCUSSION 

63. In what res|K*cts is “protoplast" a better term than “cell” (to 
de.scrihe the units of structure in organisms)? 


64. hat do you think was of more importance to biology, the 
promulgation of the cell theory or the demonstration that protoplasm 
is the phy.sical basi.s of life? I>cfen<l yonr answer. 

66. Enumerate .some of the advantages of cellular structure in 
plants and animals. 


66. What evidence i.s there that, for the growth and successful 
activity of a plant, the organization of its body into cclhs is not nece.ssary ? 

67. How wouhl you flistinguish a multicellular infiivulual from a 
colony of indlvi<lual cells? 

68. Why is it that cells arc such very .small objects? 

69. In general, the .smaller a cell is, the more active it is ph.N’siologi- 
cally. Explain. 

60. Most plant cells tend to a.ssumc a bi>herical shape if free from 
conPict with other cells. E.xplain. 

61. Nuclei are often flattened, elongate, or some other shai>c than 
spherical. Ex{)lain. 

62. Why do so many cells have a six-sided appearance when seen in 
section? 

63. Why is protoplasm regarded as the only “living” portion of the 
plant? 
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64. .lust where in a plant body is lifeless matter being converted into 
living material? 

65. What significance is there in the fact that life seems always to be 
rjssociated with substances which are complex chemically and unstable 
physically, like proteins and colloids, rather than with relatively simple 
and stable substances? 

66. Give an example of a colloidal system in which a liquid i.s dis- 
Ijorsod ill a gas; a gas in a liquid; a solid in a gas; a solid in a liquirl. 

67. Why can so little be learned about the structure of protoplasm 
from a microscopic stutly of cells which arc alive? 

68. Wlmt parts of a typical cell do you regard as being alive? Give 
reasons for your answer. 

69. Of what advantage is the streaming of cytoplasm which often 
takes place in cells? 

70. In the simplest and most primitive plant cells the protoplasmic 
contents seem to be essentially homogeneous, but in higher types many 
kinds of sj)eclalizetl structures arc present (nucleus, plastids, chondrio- 
soines, ami others). What reasons can you suggest for tliis increased 
comi>lcxity of cellular structure? 

71. In general, do you think that protoplasm owes its unique char¬ 
acter to its physical structure or to its chemical composition? Why? 

* 

72. It is sometimes maintained that spontaneous generation of life 
might well have taken place in the early history of the earth, even 
though it may be impossible today. What evidence can you think of in 
support of this view? 

73. A vitalist is one who believes that in organisms factors arc 
operative which are distinctive of living things and are absent in non¬ 
living, material structures. Wliat can you say for and against such a 
])hilosophical position? 

74. Wood pulp, used in paper making, consists of a mass of wood 
cells which are no longer united in a solid mass but are separate from 
each other. What must be the essential process in making pulp out 
of wood? 

76. What important functions does the cell wall perform? 

76. Why is a relatively heavy cell wall characteristic of the cells of 
plants but not those of animals? 
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77. is the most important physical (lifTcTcnco between the 
structure of the cell wall and that of protoplasm? 

78. What advantages to the plant can you suggest which wouhl 
come from the continuity of protoplasm from cell to cell thnjugh 

. plasmodesmata? 

79. The forms of cells, particularly in unspecialized tissues like pith, 
show resemblances in number of intercellular contacts, angles of walls, 
and other respects, to tliose of indiviflual bubbles in a mass of soap 
bubbles. What reason can you suggest for these resemblances? 

80. If a sac made of bladder or a similar osmotic membrane is filh-d 
wth mola.sses, tied uj), and placed in a vessel of water, what will hapj»en? 

81. If tl lis same sac is filled with water, tietl uj), and placeil in a 
vessel of molasses, what will happen? 

82. If two solutions are separated by a membrane, under what 
conditions will water pass through the membrane withotit any mo\e- 
rnent of dissolvecl substances taking place? When wouhl this be likelv 
to happen in the root hairs of plants? Ex|)lain. 

83. Under what conditions will a giv«*n rlissr)Ived substance pass 
through a membrane witluiut any movement of water taking place? 
When Wouhl this be likely to happen in the root hairs »)f jjlants? Ex¬ 
plain. 

84. Un<ler what condition.s will water pafvs through a membrane in 
one direction anti a given dissolved substance in the other? When 
would this be likely to hapi>en in the root Itairs of plants? Explain. 

86. If one cell has an osmotic pressure of twelve units and a wall 
pressure of .six units, and is in conta<'t with a cell having an osmotic 
I)re8surc of ten units and a wjill pressure of two units, whi<-h will lose 
water to the other? Explain. 

86. How wouhl you determine whether liberation of energy is 
necessary for the absorption of dissolved iiuiterials into a cell? 

87. How is it possible for a group of cells in the mid<ile of a tissue, 
surrounded by other cells, to contain large amounts of a given .substance 
which is rare or absent in the adjacent cells? 

88. Why do tomatoes and other soft and fleshy fruits tend to si)lit 
open in a wet season? 

89. How w’ould you determine whether the cytoplasmic njembranes 
or the cell walls act as scmipcrmeuble membranes? 
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90. VC\\y a dead leaf, u-hen detached from a plant, dry faster 
than a living one, also detached? 

91. Iodine is much more abundant in the tissues of certain seaweeds 
than it is in the sea water. Explain how this can be, 

92. Why is a strongly concentrated spray solution likely to kill 
the plants to which it is applied? 

93. It sometimes happens that a spray solution which will kill one 
})lunt does not kill another. Explain. 

94. Why will strong spray often kill the young and growing parts of a 
plant when it does not kill the older portions? 

96. If a very strong spray (such as lime-sulphur, used against 
certain bark inseids of fruit trees) is to be applied to a tree, why must 
thi.s be done only when the tree is leafless? 

96. Celery, sliced cucumbers, and similar vegetables are often 
placed in water for a while before being served. What effect does this 
produce, and why? 

Note. —In the four following questions, remember that decay is due 
to the activity of bacteria, which arc small plant colls. 

97. Why is salt such a good preservative of vegetables, meat, fish, 
and other foods? 

98. Old-fashioned preserving of fruit was done by the “pound-for- 
pound” method, a pound of sugar being used for every pound of fruit. 
Why was this method successful even in the absence of boiling or any 
other moans of sterilization? 

99. Which will “keep” better if freely exposed to the air, grape 
juice or grape jelly? Explain. 

100. What is the fundamental difference between preserving food by 
salt and preserving it by benzoate of soda or a similar “preservative" . 
substance? 



CHAPTER IV 


THE ROOT AND ITS FUNCTIONS 

A plant, like every Ihing organism, is built up of cells, often 
many millions or even billions of them. These arc grouped into 
the particular tissues and organs in which tlie various acti\'ities of 
the plant are carried out, and a complex and highly organized 
individual results. This plant body as a whole is divided 
into two major portions, sharply distinct from each other in 
structure and in function. These are the root system, situated in 
the soil, where it anchoi-s the plant and from which it absorbs 
water and mineral nutrients; and the shoot system, comprising 
the leaves and their supporting stems, situated in the air and con¬ 
cerned with the manufacture of organic food from raw materials 
brought up from the soil and drawn out of the atmosphere. A 
study of the plant, therefore, so far as its vegetative structures 
arc concerned, naturally falls into two main subdivisions, one 
concerned with the root and the other with the leaf and stem. 
It is perhaps more profitable to consider the root system first. 

No part of the plant can be studied intelligently \\ithout an 
understanding of the particular environment in which it lives, and 
this is especially true in the case of the root. The medium in 
which this organ grows—the soil—is exceedingly complex 
physically, chemically, and biologically and exerts a profound 
influence on the life of the plant. Before the structure or func¬ 
tions of the root system are described in detail, it will therefore 
be necessary to discuss briefly the soil and its various constituents. 

THE SOIL 

The soil has three main uses in the plant’s economy: it provides 
an anchorage and support whereby the plant may be held firmly 
in position; it furnishes the supply of water which the plant uses; 
and it contributes certain mineral salts essential to the plant’s 
successful activity. 

Soils vary much In physical texture, chemical composition, 
depth, origin, richness, and other respects, but all normally are 
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made up of a mixture of distinct components, each of which has 
its particular influence upon the life of plants. Ihese compo¬ 
nents are rock iiarticles, water, air, organic matter, dissolved sub- 
.stanees. and organisms (I'ig. 2-1). 



Fin. -21.—Composilion of soil. Grapli showing tlie various constituonts, by 

volume, of n rich loam soil. 


Rock Particles.—The bulk and the basic material of a soil is 
<!oinposcd of small, angular particles which have been formed by 
disintegration of rock. These make up 90 per cent of the weight 
of ordinary good soil, furnish the necessary anchorage for the 
plant, and, through the substances dissolved from their surfaces, 
contribute to the supply of available nutrient materials. The 
particles vary greatly in size, from those of fine clay to those of 
coarse gravel, and it is chiefly on the basis of particle size that 
soils are classified into such t^T^es as clay, loam, sandy loam, and 
others. Most of the clay particles arc of colloidal size. These 
play an important part in determining the character of the soil 
and the availability to plant roots of substances in it, since 
many of these substances arc not in solution in the soil water, 
but held, rather lightly, at the surfaces of the particles. Soil 
particles may be formed by the weathering and disintegration 
of the rock masses directly below them, or they may be formed 
by the grinding up or erosion of rock through the action of water 
or ice and may often be transported long distances from their 
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point of origin, as in the case of soils of noo<l plains and regions 
which were covered by glaciers. Particle.s differ in .'^hape and in 
chemical composition according to the type of rock ])ro(hicing 
them. The irregularity of contour which they dis[»la\' make' it 
impossible for them to fit very clo.sely together, and a considerable 
amount of space {pore space) i.s thus left between thi*m which 
may bo occu|)iod by air or l)y water. In soils which are in goo<I 
condition for the growth of ordinary plants the ^ 

particles cohere in groups to form crumbs, or M fe 

jloccules (Fig. 25), the component grain.s of 
which arc held together by water films or by 
such a cementing substance as clay. One 
important purpose of tillage is to impart this j, ^ ^ 

crumb structure, or flocculation, to a soil. At crumi>s ohIo.. tjUv,. 
the .soil surface, by the direct action of the fularmil. 

rain or by other means, these crumbs may be broken into their 
constituent particles, wliich then pack closely together and on 
dr^’ing harden into a firm, clay-like crust. 

Water.—Watc'r is of vital importance to plants in many ways. 
It constitutes the great bulk of their bodily material; it enters 
into the manufacture of food; it assists in maintaining the plump¬ 
ness and rigidity of the tissues; and, in its capacity as a solvent, 
it serves as tlic general medium in which most physiological 
processes arc carried on. 

The chief source of soil water, and in most cases the only one, 
is the rain which falls upon the soil surface. This varies greatly 
in amount in different regions and is more important than any 
other variable factor in determining the amount of plant growth 
which the soil can support. In de.sert regions the rainfall is so 
low that only the mo.st sparse vegetation can .survive. It is 
estimated than in nearly a fourth of the land area of the earth 
the rainfall is so small that agriculture is iinjjossible. Under 
.slightly better conditions, with a fall of from 10 to 20 inches 
a year, care in the conservation of soil water makes certain types 
of agriculture practicable; and in many such regions, where other 
soil conditions are favorable, it is possible to bring water from 
distant reservoirs by irrigation and thus produce abundant plant 
growth. At the other extreme, in certain tropical “rain forests” 
and other regions where the rainfall often reaches several hundred 
inches a year, the most lush and rank vegetation results. For 
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ordinary agricultural practice a fall of about 40 inches a year, 
evenly distributed through the seasons, is most favorable. 

^'arious fates await this water (Fig. 26). A considerable part 
of it may not enter the soil at all if the surface is hard or the 
rainfall heavy but may drain away instead. This rxtn~off is lost 
to plants and may even do much harm by washing away a portion 
of the soil itself. The water which docs enter the soil either may 
percolate downward between the particles under the influence of 
gravity or may be held in the soil by capillarity. 





Zone of 


Zone of 
StondlfM 

_Wdtfr- 

Fio. 26.—The various fates of rain water that falls upon the soil. It may 
run off without entering the soil; it may be evaporated from the surface; it may 
enter plant roots and bo transpired from the leaves; it may bo hold in the soil by 
capillarity; or it may porcolato downward to the water table. 


Percolating, or gravitational ^ water passes dotvnward rapidly if 
the soil particles are coarse, more slowly if they are finer, until it 
arrives at a level where all the soil spaces are filled ^vith standing, 
or hydrostatic, water. This level is known as the watei' table. Its 
position at any given point determines the height at which water 
\vill stand in a well dug there, and its distance below the surface 
varies from place to place and is subject to much fluctuation. 
A similar saturated condition occurs in the upper soil layers 
after heavy rains but persists there for only a short time. When 
water has percolated downward to this level it often is beyond the 
reach of roots and is thus unavailable to plants. 

Capillary water is water held in the soil by the force of capil¬ 
larity. Common observation teaches that when an object (such 
as one’s hand) is immersed in water and then lifted out again, 
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some water still adheres to its Muiace in a thin film, or “wet> ' 
the object. 1 his i^ due to the lael that then* is greater attiai - 
tion between the surlace of the objert anti the watt^r than i> 
exerted l>v the force of gravitv or tlie eohoion of tlu water 
particles thein>el\'es. An>' inati'rial with a large* amount ol 
surface, internal or external, which may be wa-tted i,such a.s a 
.sponge, blotting ))aper. or ct»arse lain ic i w ill 1 herefon- hold within 
itself, when thoroughly soake<l. a groat amount of water which 
will not drain out umlor gravity. Tor exactlv the same reason. 



Air Space 
Water Film 


— Rock Particle 


Fio. 27.—Section thiouKli jimkIi onluri2C*<l. A rupillary wnlor him sur- 

rouncio eueh particle and hlU the narrow b|mcc:» between particlot^. The larger 
eparos are occupied hy air. 


much of the water entering a soil will fall to percolate tlirough it 
but in.stead will adhere in thin filrn.s to the surfaces, very great in 
total area, which an* presented by the multitude of soil particles. 
If the amount of rainfall is small, all of it may thus be retained 
and none lost through percolation. Each particle in such a 
moist soil is covered by a thin layer of water (Fig. 27). The 
films about adjacent particles coalesce, filling the minuter spaces 
and lining tliosc that are larger, and a continuous film system 
is thus set up. It is this ftlrn, or capillary water, which furnishes 
plants with the great bulk of their water sui)ply. One of the 
important objects in manipulating a soil i.s to increase, by one 
means or other, its waicr-hoUiing capacity and thus to prevent 
waste through run-off or percolation. 
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'I'he principle of capillarity is of further importance in deter¬ 
mining all movements of wat<“r in the soil other than the do^^'n- 
ward one duo to gravity. The familiar fact that when a narrow 
glass tube is i)laced in wat«r the water will rise inside the tube to 
a point son^cwhat higher than its level outside is due to the 
attraction between the surface of the glass and the water, an 
attraction which is sufficient to lift water against gra%'ity. The 
lifting force will be jiroportional to the exposed surface of the 
tube, and therefore where the volume of water is small in relation 
to this suifaee (as is the ease inside the tube) the water will rise 
some\i hat before the weight of the lifted column counterbalances 
the pull exerted by the surface attraction. Obviously, the nar- 
lower the tube the liigher the column of water will rise, since 
the volume of liquid to be lifted will be smaller in proportion to 
the area of the attracting surface. Thus, in any material the 
structure of which presents a great amount of surface surround¬ 
ing snmll but communicating tubes, pores, or other narrow spaces, 
jis in blotting paper, lamp wicks, and the like, water evidently 
will lie carried to a considerable distance in all directions by capil¬ 
larity. .Just such a material as this is the soil. The multitude 
of its tiny particles, packed closely together, form a capillary 
system which is able to carry w'ater far. This w'ater tends to 
surround each particle in a thin capillary film, but if the soil 
particles are very coarse the film cannot pass around them, and 
under such conditions the ascent of w'ater necessarily stops. 
Water moves readily wdthin the films, and when those at the top 
of the ascending column are thinned, through evaporation or 
through the attraction exerted by still higher and unwetted sur¬ 
faces, the films below are drawn upon, and water passes upward 
through the whole system. This movement continues until the 
weight of the water lifted balances the surface attraction at 
the top of the column. The height to which water will rise by 
capillarity is dependent chiefly on the size of the soil particles; 
for the smaller the particles the larger will be their surface in 
proportion to the spaces betw'een them, and thus the higher 
wdll be the rise of wnter (Fig. 28). In ordinary soil this rise 
varies roughly from two to six feet. It is evident, therefore, that 
water which has percolated very far below the surface cannot 
ordinarily be made available to plants again through capillary 
ascent. 
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In most soils there is a capillary movement of water toward 
the soil surface, where it evaporates. If the particles at tin- 
surface are very close together, as they are where the soil has been 



I fo. 28.—of wator by capillarity. In the two uliuss talnhs at tlu* left, 
tho rise of water in much higher in the narrower than in the wirier one. In th<* 
two chain l>or5 at tho right* wliich are HI loci with nphore*, tho rise of water 
much higher whore tlie bphero^ are ^inallcM'. 



Flo. 29.—A footprint in loo»e mjII. A vertical *lico cut through the M)il under 
and near a footprint* showing how tho i>article.s have boon prcs.*^e<J together. 
This CbtabliehoH a better capillary connection W’ith the lower w>i! layers and cau^tc.n 
more rapid movement of water to (he Hurfuce, thu5 making tho footpricit inui.Ht 
while tho t>oiI aurface around it ia dry. 


packed down or where a crust has been formed, a very efficient 
capillary system is produced there which connects the soil sur¬ 
face with the deeper water-holding layers and thus greatly 
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hastens tlie loss of water by drawing it up to a point where it 
may be evaporated (Fig. 29). An important purpose of tillage 
is to prevent such waste of water by breaking up the capillary 
system at the surface and forming there a layer of loose, coarse 
material called a mulch. 

Capillary movement of water is by no means always vertical 
but may take place in all directions within a soil, just as ink 
spreads in all directions in a piece of blotting paper. This move¬ 
ment tends to contiime until the water films arc of eqvial thickness 
throughout tlie entire soil mass, causing it to l>c uniformly moist. 
When water is removed at any particular point, as by surface 
evaporation or root absorption, it is therefore drawn thither 
from all other points until equilibrium is restored. 

In soils which have lost all their capillary water by evaporation, 
there still remains around each particle an exceedingly thin layer 
of hygroscopic water, which clings so tenaciously that it may be 
driven off only by subjecting the soil to a high temperature. 
When the air is very dry, this water is present in minimum 
amount; but when humidity rises, more water may be taken up 
directly from the air, or hygroscopically. This type of water is 
removed with such difficulty from the soil particles, however, that 
the plant is able to withdraw little or none of it. 

Air.—Since oxygen is essential for the healthy growth of ordi¬ 
nary plant roots, the presence in the soil of a plentiful supply of 
air is a matter of vital importance. If the spaces between the soil 
particles become filled with water, most of the air is necessarily 
driven out; and when this condition of saturation is long main¬ 
tained, ordinary plants suffer. Such excess of water, however, 
normally passes downward by percolation, and as it does so the 
soil spaces again fill with air. In most cultivated soils, from 20 
to 35 per cent of the volume consists of air spaces. . Plowing tends 
to increase greatly the air content of a soil, since the structure of 
the whole mass is loosened and the crumbs are more \ndely 
separated. A soil in this condition is said to be in good tilth. 
Where water occurs only in capillary form much air is present 
in the larger spaces, and such a state of the soil is therefore clearly 
the most favorable for plant growth, since then, and then only, 
is a plentiful supply of water combined ^vith a plentiful supply of 
oxygen. 

Organic Matter.—All rich soils contain a considerable amount 
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of material (lorivecl from the dead bodies of organisms, particu¬ 
larly of plants. Hoots wliirh die and remain in the soil, and 
loaves and other plant parts which fall on the soil surface, are 
the sources from which this organic matter is mainl\- deri\ed in 
nature. In the practice of agrioiltun* it is increased in amount 
by the application of manure, the plowing under of various 
crops, and other means. Aft(“i <*nt('ring the .soil it soon bt^gins 
to undergo decomjjosition and for the most part is broken tlown 
finally into simple end-proilnct:—carlxui dioxide, water, and 
ammonia. As this organic material decays it becomes charac- 
teristicalh' tlark in color arni und<'rgo(‘s a series of complex 
chemical changes, in which c<jnditl<>n it is known as humun. 
wliicli is larg<d>' colloitlal in chajaeter. 

Organic matter is of importance to plants in many ways. It 
improves the physical condition of the soil, for because of its 
coai*se and fragmentary character it tejjds to separate tlie parti¬ 
cles and thus to iiicrease mateiiallv the air conltmt of tlic soil. 
Since organic matter aljsorbs water readily, it.s pre.sence also 
adds to a soil’s water-hohling capacity, d'he decomposition of 
ljumus liberatt'S certain nutrituit materials, notabl\' an abundant 
supply of nitrogen compounds, w liieh ultimat<‘ly become available 
to plants. Organic inatUT is also the seat and food supply of 
the soil bacteria, minute* organisms which are indispensalile in 
plant nutrition. Any treatm(*nt of the soil whicli will increase 
its humus content will therefore tend to increa.s<‘ its producti\ity, 
and whatever dccrea.'<es the humus conU'iit will impoverish the 
soil. 


Dissolved Substances.—.Soil w’ater is l>y no means pure water 
but curries dissolved within it a great variety of substances. 
Anything which is to be taken in by the roots of plants must be in 
solution, and tliereforo thc.se dissolve<l substances are the only 
portion of the soil, aside from water itself, which is directly avail¬ 
able as nutrient maUu’ial for plants. Their origin and chemical 
composition arc conseciuentl^’' of much buiunical importance. 

I'hc solvent power of soil water is increased by the presence 
wdthin it of carbon dioxide, liberated in the respiration of plant 
roots and of the lower organi.sms. Thus reinforced, water not 
only attacks the surfaces of the rock particles but absorbs any 
soluble material which may appear in the humus or as a product 
of bacterial activity. 
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A great variety of substances are present in the soU solution, 
unci chemical analyses of the ash* of plants show that very 
many of these may be taken into the plant body. Compounds of 
nitrogen, sodium, potassium, calcium, magnesium, iron, manga¬ 
nese, aluminum, phosphorus, sulphur, chlorine, and silicon are 
commonly absorbed by the roots, and many others may be taken 
up in smaller cpiantities. Certain of these elements are far more' 
important to the plant than others, however, and it has been 
clearly ])roven by experiment that seven—nitrogen, sulpliur, 
[)hosphorus, calcium, magnesium, potassium, and iron—are 
essential for normal jjlant growd-h. Recent investigation has also 
sho\\ n that exceedingly minute amounts of a number of others, 
among them boron, manganese, and zinc, are also necessary. 
'The actual bulk of these various mineral nutrients taken up by 
the plant is very small in proportion to the size of the plant body, 
but in the activities of protoplasm each plays a necessary part, 
and a soil which is deficient in any one of them will be unable to 
support vegetation successfully. 

i'hc removal of large amounts of nutrient materials from 
agricultural soils, in the form of crops and in other ways, reduces 
the available supply of certain chemical elements (notably nitro¬ 
gen, phosphorus, and potassium) to such an extent that a fresh 
supply must he returned to the soil if abundant plant growdh is 
to be maintained permanently thereon. This necessitates the 
common practice of adding to the soil various types of fertilizei*s 
which renew the supply of essential salts there available to plants. 

Organisms.—Aside from its service as a medium for the root 
growdh of higher plants, the soil provides a dw-^elling place for a 
great variety of other organisms, the activities of which have a 
j)rofound effect on the composition of the soil and on the processes 
occurring therein. Rodents, insects, and anglew'orms all modify 
the physical character of the soil by their abode there. Those 
most minute and low'ly of living things, however, which are 
grouped together as microorganisms are of far greater impor¬ 
tance, for experiment has shown that wnthout their presence the 
soil w'ould soon become unfit to support a vegetation of higher 
plants. 

* The ash of plants is the residue left after complete combustion of the 
plant tissues, and an analysis of it indicates the amount and character of 
mineral substances present in the plant. 
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Most notable among these microorganisms are the bacteria 
(Fig. 30), tiny, single-celled plants which lack chlorophyll. 
-Many of these—the bacteria of decay—decompose the comjde.x 
organic substances found in humus into such simple end products 
as carbon dioxide, water, and ammonia, thus releasing great 
(piantities of nutrient materials whicli would otherwise be locked 
up and useless in the dead bodies of animals and plants. Still 
othei' bacteria in the soil effect chemical change of various sorts 
the results of which are of great moment to tlie higher plants. 



imi>ortant eoil bucU-riu. A. i.ilrilc bacteria. NUrosomonas. 

X 2U00: B, Ditrato bactorin. NUrobaeicr. X 2000; C. u conwnon decav-produchiR 
orgaruBm. Bacterium mucoid<a. X 1500; i>. lutrogon-fixing bactori.a./fAuofriiim 
leguminosarum. X 760. 

Especially important are bacteria concerned with the trans¬ 
formations of nitrogen and its compounds, for through their 
activity the available supply of this necessary element is main¬ 
tained in the soil. The continual circulation of nitrogen tlirough 
its various successive stations in organisms, air, and soil is known 
as the nitrogen cycle (Fig. 31). Complex nitrogenous suljstanees 
returned to the soil in the bodies of dead animals and plants are 
broken down by the bacteria of deca^' into simpler compounds, 
which are finally reduced to ammonia. Since most plants can 
use nitrogen only when it occurs in the form of nitrate siilts 
(such as potassium nitrate, KNOj), however, this ammonia is 
not available directly to them but must first be converted into 
such salts through the process of nitrificeition. This is carried 
on by two types of nitrifying bacteria: the nitrite bacteria 
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{Nitrosomonas) which change ammonia into nitrites (NO 2 com¬ 
pounds) and the nitrate bacteria {Nitrohactcr) which in turn 
convert nitrites into nitrates (NO 3 compounds). In this form 
nitrogen is rcadilv absorbed and assimilated by plants and ulti¬ 
mately is returned to the soil again through the bodies of plants 
or animals, thus completing the cycle. Some plants, such as rice, 
may use nitrogen in the form of ammonium (NH^) compounds, 
and for their nutrition the activity of nitrifying bacteria is thus 
unnecessary. 



By no means all of the nitrogen in dead organic matter is 
ultimately made available to the roots of plants, for in the process 
of denitrification, also carried on by certain bacteria, ammonia 
is decomposed and its nitrogen is liberated into the air in gaseous 
form. The atmosphere, over 80 per cent of which consists of 
nitrogen, evidently constitutes a vast reserve supply of this 
important element, but in this form it is quite unavailable to 
most plants. A small group of bacteria, however, have the fortu¬ 
nate ability to absorb gaseous nitrogen and to build it into 
more complex compounds in their bodies. These are the nitrogen- 
fixing bacteria {Rhizobium species). They are present in most 
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soils and cause the development of the tubercles or nodules 
usually found on the roots of plants belonging to the Legume 
family (Fig. 32), which includes the bean, pea. clover, alfalfa, 



tio. 32.—Hyhtcm of a j>oybcan ^^howiri^ tlio root lul>orclc:^ pruduf'od 

by uitruKeii'ljxinK bacteria. (From Piper and Morec.) 


and their allies. This nitrogenou.s supply ultimately becomes 
available to the particular plant on the roots of which the bacteria 


grow. Without drawing at all upon the nitrogen compounds 
in the soil, a leguminous plant is consequently able to acquire 
an abundant supply of this important element, a fact of great 
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Fig. 33.—Mycorrhiza on root of white pine. (Pholo by A. B. Hatch.) 



Fio. 34.—Cross section of a young root of Lyonia, showing the niycorrhiial fungus 
surrounding it and entering its outer tissues. (From L. K. Henry.) 
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significance in agriculture, since an acre ol leguminous crop>> 
may add 200 pounds of nitrogen to the soil in one season, as 
much as could be obtained from a liberal apj)lication of com¬ 
mercial fertilizer. Nitrogen-fixing bacteria are also found in 
nodules on the roots of alders, bayberries, cycads, and a few other 
plants. 

Certain bacterial types, notably species of the genera Azoto- 
h<u-Ur and Cloatridium, which live freely in the soil and are not 
as.<ociated with any other plant, are also able to ab.sorb ga.seous 
nitiogen and to build it into complex organic substances; an<l 
these microorganisms are often of con.siderable importance in 
increa.sing the supply of available nitrogen in the soil. A similar 
ability seems to be possessed by certain of the blue-green algae 
and a few other plant.s. 

In the ca.sc of many species of j>lants, particularly those which 
grow in forests or other situations rich in humus, thread-like 
filaments of fungi arc intimat<‘ly as.sociated with the smaller roots, 
entering their outer tissues and surrounding the root with a web¬ 
like jacket of fungus threads. These often largely take the place 
of root hairs and aid the plant in ab.sorbing water and nutrient 
material from the soil; and the fungus seems also to benefit by 
such relationship. This root-fungus a.ssociation is known as a 
mycorrhiza (Figs. 33 and 34). Certain plants have become so 
dependent in this way upon j)articular species of fungi that they 
cannot thrive when the latter are absent. 

Modification of Soil Conditions.—The soil is never in a fixed 
or static condition but is coiktinually changing. The water 
content and the structure of the groujjs of rock particles may 
!)(• altered, as has been sttited. Intcu'change of ion.s between soil 
colloids and the soil solution is continually' going on. Soil 
t<*mperaturc, too, is subjc<T to much fluctuation and is <lifTerent 
in different types of soil. When it is low, absorption by roots 
is reduced. The acidity of the soil is also of much importance 
to plants. Degree of acidity is detem)ined by the character 
of the rock particles and by th(‘ chemic'al changes going on in 
the soil. Manj' plants (such as rhododendrons and blueberries) 
will not thriye unless the soil solution is relatively acid. Others, 
among them most crop plants, require a rather alkaline soil. 
'Phe application of lime is the commonest means for artificiallv 
(correcting tf>o great soil acidity. 
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Soils and Civilization.— Human society depends upon agri¬ 
culture; the basis of agriculture is the growtli of ])lants; and this 
in turn is dependent upon st)il ot proper amount and chaiactei. 
Soil is the result of a series of exceedingly slow natural changes 
whereby the rocky and sterile surface of the land has become 
suitalde for plants to live upon. Soil is relatively small in total 
amount and in most regions is limited to a layer only about a 
foot dee)). It can easily be removed or destroyed, as l\as already 



(Courtc:sy of Soil Conscrtnixon 


Furrn iniid ruined by noil eriKMon 

Scrticc,) 


occurred in some parts of the woi ld, and such loss is practically 
permanent, condemning these areas to ages of sterility. The 
chief causes of soil impoverishment arc erosion by water (Fig. 35), 
as a result of which millions of tons are annually washed from 
unprotected surfaces and carried into the ocean; the blowing 
away of dry soil from exposed surfaces by the wind; and the 
continued removal of plants which have growm in the soil. 
None of those processes is rapid enough to be serious under 
natural conditions, but they are greatly accelerated through 
the processes of agriculture. They may be prevented in various 
ways. Erosion may be reduced by keeping soil surfaces at 
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I-Jci. :ili. KroMon pif\ i nh cl li.\ |>Jo\sjii« on ronlourfl arnl \>y alloniatu 

atripn with < ro(i» Iikv *fru.vH or gram that do iiut icciuire cultivuliou. (Courtcsu of 
aSoU (.*on4triiUion ficrcici;.) 


least partially covered with plants, the roots of winch hind the 
soil tof^ether, rather than leavin-j; them for long periods expose<i 
freely to the action of water and wind. Plowing and j)Ianting 
winch follow the contours of tlu* land instead of straight lines 
(Tig. 30; help to prevent gullying. an«l gullies theinselve.s ina>' he 
hlockefi and filled in various ways. Crop rotation and the 
use of manure and chemical fertilizers will maintain soil fertility 
ami prevent the impoverisliment and “wearing out ■' of the soil 


which lias often liad .such disastrous social coiiscqucneres. Meth¬ 
ods of cultivaliejn and of treatment eif the soil surface; are lierng 
improved. All tlie*.se are parts of that intedligent eemservatiem 
of the soil resources of the world whie-h is necessary if human 
food supply is peTinanently to he maintaineei. 

d'he extreme; eoiujilexity of the soil and the vital significance 
to plants of its composition and of the changes whicli go on within 
it should be clearly recognized. The stueiy e>f this remarkable 
material has reejuired the ceillalioration of almost all of the 
sciences, but a precise knowledge of many of its aspects is still 
lacking, and tlie various ways in which it ufTccts the life of plants 
growing in it arc not all fully understood. 
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THE ROOT 

The portion of the plant most intimately related to the soil is 
the root. This organ has two major functions—to anchor the 
plant firmly, and to absorb water and certain important nutrient 
materials from the soil. Beyond this, the root often serves as 



Fiu. 37.—A fibroua root systoin (gross). The roots arc oil rothor slender and 

arc much-branchod. 

a storage reservoir for food and may perform various other 
functions. 

External Structure.—The most common type of root is a 
rather slender and profusely branched structure, penetrating the 
soil in all directions and forming a fibrous root system (Figs, 37 
and 38). Its advantages for anchorage and absorption are 
obvious. Somewhat less common are types which possess a 
single main root or taproot, penetrating deeply into the soil 
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and much stouter than the lateral roots which arise from it (Figs 
39 and 40j. Taproots lend tliemseh'cs readily to storage pur¬ 
poses and frequently become large and fleshy. The roof system.s 
of many plants are intermediate between these two main types. 
Whatever is a direct continuation of the main root of the young 
seedling plant is known as the primary root, and the branches 



tio. .id .— I-ibroii* r«JOt «y»to»ii ot rtintur«* phtiit, nliowiiiK itn Ui.stribiitidii in 


ihf noil. {From J. E. \Wac<r.) 

arising from this arc called sccorulary roots. In some ])Iants the 
primary root long maintains its ascendancy, but in others it 
soon is c()uuiie<l or exceeded by the numerous secondary branches. 
'Fhe primary root normally grows directly downward, but most 
of the lateral roots at first grow' horizontally, and only later, if 
ever, do they turn downward. This m(dhod of growth is the 
result of differing reactions to gravity in the growing root tips, 
and its advantages to the plant are obvious. 
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Sf) 

Tho t>-pical root system is subterranean and develops from the 
primary root of the seedling, but under certain conditions roots 
may also api)ear on other parts of the plant, particularly the stem 



Fio« 3d,—A taproot ays torn (dandelion)., shorn ng tho main taproot and tho 

numerous amaUor latoral roots. 

and loaves. Such adventitious roots are often developed nor¬ 
mally, as in the case of the rootlets which hold the stems of Eng¬ 
lish ivy (Fig. 41) or poison ivy firmly to a support, or those which 
grow out from the ‘‘runners” of a strawberry plant. These also 
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are familiar in various methods of artificial plant propagation, for 
if a “cutting’' (a small shoot, a piece of the stein, or sometimes 
even a part of a leaf) is removed and placed under favorable 
conditions, adventitious roots will grow out from it, and a new 
plant thus becomes established. It is of interest to note tliat 
although roots thus may fre<iuently grow from isolateii stmns and 



lie. 40. Japmot Myotvin of inulure par.snip plant, oliowinK it» .liHtrihuOoii in 

the i»oil. (From Wearer and Hruncr,) 


leaves, it is only rarely that buds, capable of producing sUuns and 
leaves, will develop on roots. 

Various factors in the soil, notably wat-er, mineral nutrients, 
and oxygen, markedly alTect the extent and the cliaractcr of root 
growth (Fig. 42). Even under similar conditions, however, 
two different species may have root systems which are as differ¬ 
ent in size, shape, and character as are the above-ground portions 
of the plant. Some are deep-rooted, while others have shallow 
roots which develop close to the soil surface. Some plants have 
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large roots and others relatively small ones. Some have a much- 
branched system, filling the soil in all directions with their delicate 
strands, while others have fewer but stouter branches. Various 
species also difl'er markedly in the response of their roots to 
(•nvironnu'ntal comlitions. 



Fiu. 41,—Adventitiou:^ roots from stem of English ivy that servo to anchor plant 

to wall. (From A. H'. Ilaupt.) 


The roots of some plants extend much more \\'idely into the 
soil than we ordinarily think and may spread far beyond the 
longest branches. Wheat roots have occasionally been found 
to penetrate the soil for more than thirty feet. It is difficult to 
estimate the size of a root system merely by pulling up the plant. 
Very careful separation of the smaller roots from the soil is neces¬ 
sary if the extent and distribution of all the roots are to be deter¬ 
mined, and such studies have all too infrequently been made. 



80 


THE HOOT A\I) ITS FV.WTIOSS 

Roots grow in length only near their very tips, and these masses 
of delicate cells, protected only by a thin root cap, are able to 
insinuate themselves between the particles of closely compacted 
boils. twisting this way and that as they meet obstacles, and are 
extremely sensitive to stimulation In* gravity, moisture, and 



of of fnUc SolomonVscnl Browii.K under difTor- 

chemical substances. Soil that Ls thus filled with roots and 
covered with plant growth is held together so firmly that it is in 
little danger of being wanhed away by water. 

The Absorbing Region.—Absorption of water and nutrient 
material is carried on only by the younger portions of a root, near 
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its tip. The very tip itself is usually covered w-ith a sheathinpr 
root cap of cells, which protects the delicate underlying tissues as 
the root pushes its way through the soil (Fig. 43, --I). Back of 
this is a short region of growth, the only place where elongation 
of the root occurs (Fig. 43, B). Some absorption takes place 



Fio. 43.—Tip of a root showing root cap (A), growth *ono {B), and 

sonc (O* 


root-hair 


here, but the process is carried on primarily in the zone just 
behind this, the surface of which is covered %vith thousands of 
exceedingly delicate filaments, the root hairs (Fig. 43, C). Each 
hair is an elongated projection gro\ving out from one of the surface 
cells of the root (F g. 44), its vacuole and lining of cytoplasm 
being continuous with those of the root cell of which it forms a 
part (Fig. 45). Root hairs are rarely more than one hundredth 
of a millimeter in diameter, but may reach a length of several 
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millimeters, forcing their way into the minute crevices of the soil 
and thus coming into most intimate contact witli the soil particles 
(Fig. 4G). Through the very extensive surface which tfiese 


Root hair 


Intercc fZufar 
space 



Passage ce// 
ErdodermZs 
tubes 
ofphZoejn 

tubes 
dr xy/e/n 

'er/cyc/o 


Fio. 44.— Diagraminutio »cctioit of a young root cut through tho root-hair zone. 

{From J. B, Wcaccr,) 



Fio. 46.—Diagram malic aoction through a typical root hair, bhowiag ita vurioud 
8tructuros and ita relation to tho surface cells of tho root. 

root hairs expose to the soil, absorption of \vater and mineral 
salts chiefly takes place. They increase the absorbing surface 
of the root manyfold. Root hairs are generally short-lived, 
dying aw'ay as the corky bark begins to -appear. A root-hair 
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zoT\G of fairly constant length thus follows behind the growing 
root tip, new hairs appearing in its younger portion to replace 
the oldest ones, which are continually dying away. The absorp¬ 
tion of material from the soil is therefore carried on only by a 
\’ery small portion of the root system, close to the growing ti])S 
of the young roots, and never takes place in the older parts. 



I'uj. 40. —Dingramnintic section through o portion of a young root and the 
n<ljanent soil, showing two root hairs forcing their way between the soil particles. 
Kork particles, water hlmsi and air spaces arc indicated. Much enlarged. 

Internal Structure of Roots.—Internally, roots show a marked 
structural dilTercntiation. In a young root, three main cell 
systems arc distinguishable—the epidermis, the cortex, and the 
fibrovascidar cylinder (Fig. 44). 

The ei)idcrmis of the root, like that of other plant organs, is 
a single layer of cells in thickness, but in the root-hair zone many 
of them produce on their outer surface a characteristic projection, 
the root hair itself. 

The cortex lies just under the epidermis and consists for the 
most part of thin-walled, rounded cells. In the young root these 
serve to transmit water and dissolved substances from the root 
hair to the conductive tissues in the center. Later, the cortex is 
chiefly a storage region for reserve food, and in old roots it has 
often disappeared entirely. 

The innermost layer of cortical cells is the endodermis. This 
layer is often distinguished from its neighbors by the peculiar 
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character of its radial and transverse walls, for around this part 
of the wall in each cell runs a strip of suberized or lignified 
material, the Casparian strip (Fig. 47), distinguishable from the 
rest of the wall by its reactions to stains. In other types the 
wall of the cndodermal cells may be very greatlv thickened, 
especially on the inner side. Occasional thin-walled cells appear 
in it, the passage cells, usually opposite the ends of the xylem 
arms. The endodermis is present in all roots, but is nnich less 
common in stems. \ arious function.s have been suggested for 
it, the most plausible of which is that it serves to prevent an 
outward loss, thrtiugh the cell walls and into the cortex, of water 
and dissolved sub.stanc<*s <‘arried in the vascular evlinder. 



Fig. 17.—A row of endfxlorroal cells, showing the Casparitiri strip, <\ in sec¬ 
tion in the radial walls. This strip extends continuously around the coll on the 
radial and trariAvcroc walls. 

The fibrovascular cylinder occupies the core of the root, 
furnishing mechanical strength and serving as a highway for 
conduction. As in the stem, it is compo.sed of the xylem, or 
wood, and the phloem. The xylem, which forms the central 
a.\is of the cylinder, is usually star-shaped in cro.ss section 
(Fig. 48) and is composed chiefly of elongated wnU'r-conducting 
cells with lignihcd w'ulls. In large root^ the central portion of the 
xylem is chiefly parenchyma, and in some cases the woody 
tissue is actually separated into distinct bundles (Fig. 49). At 
each point of the “star” is a group of protoxylem cells, which in 
development arc the first to become lignified. The later-formed 
elements of the xylem thus lie inside these, next the center of the 
root, and the xylem is termed exarch in arrangement. In the 
angles between the points of the star are separate bundles of 
phloem cells, through which the elaborated food is transported. 
The vascular cylinder of the root thus has an alternating or radial 
structure quite unlike that of the stem. The mechanical strength 






P^rtcjr 


ProtopHloerr* 


Phioen^ 


Combiuf^ 


Proto^^lem 


Fig. 48. —Transverse section of a portion of the root of tho bnncberry (Ac/oca). 
showing the star-sliapod character of the xylem. The exarch protoxylom groups 
are in the bays between tho xylem arms, alternating with tho phloem groups at 
tho tips of tho arms. Tho wood and phloem of tho arms havo boon produced 
chiefly by cambial activity but tho control portion of tho axis is primary wood. 

In older roots the fibrovascular cylinder, particularly as to its 
woody portion, increases greatly in thickness through the activity 
of a growing zone, the cambium, just as does the stem; and on the 
outside of the root is developed a corky bark. 

Roots usually branch profusely. Each branch originates as 


01 BOTA.W: PRIXClPLh'S AXD PROBLEMS 

of the root is pro^^dcd chiefly by its xylem cells. The outermost 
Ijivcr of the vascular cylinder, just under the endodermis, is 
known as the pcrtcijclc. 
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a group of cells in the pericyclc, opposite a protox-ylem bundle. 
This group divides rapidly, elongates in a direction at right 
angles to the main axis of the root, forces its way through the 



Fio. 40.—lloot of Smilojt. TrutiKveroo inaction of a portion of tho voacular 
cylinder and adjacent cortex* Bundloj* of xylem and phloem aJtornato* Tho 
protoxylom, which is exarch, is shown with solid black walls. 


cortex, and finally ruptures the epidermis and projects from the 
surface of the root (Fig. 123). This method of branching is 
quite different from that of a stem, where a new branch develops 
from a bud at the surface. 

The Economic Importance of Roots.—From the roots of plants 
are obtained many products of value to man. The abundance 
of food stored in these organs has long provided one of the 




















96 


BOTASY: PRINCIPLES AND PROBLEMS 


in\portant sources of human food, and in many cultivated crops 
it is the root which is liarvested. Notable among these is the 
sugar beet (Fig. 50) whicli, thougli much more recent in cultiva¬ 
tion than sugar cane, now rivals the latter as a source of sugar 
and can be grown in temperate climates. Its relative, the 



Ki<3. 50.—a sugar boot {Beta vulgaris)* {From A, F* Hill.) 

mangel, is an important cattle food, especially in Europe. Many 
of our common garden vegetables are also root crops, such as the 
carrot, parsnip, sweet potato, turnip, beet, and salsify. In 
warmer climates the roots of the sweet potato, yam, and cassava 
provide the chief food for native populations in many parts of 
the world. 

Many roots are rich in active chemical substances and have 
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been sought since earliest times as a source of drugs. Aconite, 
gentian, ginseng, ipecac, licorice, and rhubarb are but a few of 
the long list of medicinal products derived fjom roots, and some 
of these, notably licorice, now have other important uses. 
Horse-radish and sarsaparilla al.so come from roots. Some 
of the most effective substances for controlling insect j>csts are 
p>Tethrum powder, from the roots of a daisy-like plant, and 
rotenone powder, from the roots of a member of the legume 
family. One of the promising new sources of rubber is the roots 
of a Russian dandelion. 

Absorption by the Root.—One of the major functions of the 
root is to absorb from the soil the water and mineral substances 
used in the life and grow-th of the plant. The phj^sical basis of 
this process involves some difhcult problems in physics, chemistry, 
and protoplasmic actiWty. We know that water does enter 
the root in large quantities because so much passes out from the 
leaves into the air; and since nothing in the plant except carbon 
and oxygen comes from the air, all the rest of the many elements 
found in it must come into the root from the .soil. 

One factor in the process of absorption seems to be the osmotic 
mechanism of the root hair (see p. 55 and Fig. 51). Each root 
liair is a projection from one of the surface cells, and the cyto¬ 
plasm and sap cavity of the basal part of this cell e.xtend into 
the root hair, so that the latter is thus lined by a very thin layer 
of cytoplasm (Fig. 45). The root hair penetrates the soil and 
comes intimately in contact \nth the soil particles, to the surface 
of each of which a thin capillary film of water normally adheres. 
In this water are dissolved a great variety of substances, notably 
mineral salts; and each of these tends to diffuse into the root hair 
if its concentration in the soil solution is greater than its con¬ 
centration in the sap solution, an<l if the cytoplasmic membranes 
wnll allow it to pass. The entrance of salts, as noted above, 
may take place quite independently of the mov'ement of water. 
Furthermore, any substance which is in greater concentration 
in the cell sap than in the soil water, and to which the membranes 
are permeable, will of course tend to diffuse outward into the 
soil; but except in the case of carbon dioxide, which is produced 
in considerable quantities as a result of respiration in the root 
cells, there is comparatively little loss of material from the plant 
in this manner. 
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The total concentration of tlie soil solution is normally less 
than the total concentration of the sap solution in the root hair, 
since in the latter there are ordinarily dissolved considerable 
amounts of sugar and organic acids to which the membranes are 
impermeable. Water will, therefore, pass from the soil, where 
it is relatively more abundant, through the cytoplasmic mem- 



Fiq. 61.—Movement of water and dissolved substances into the root. Dia¬ 
gram showing the entrance of water and salts into two root hairs and their passage 
thence through the cortical cells of the root. The cytoplasmic membranes are 
readily permeable to water and salts but prevent the passage of the sugar dis- 
solved in the coll 8np. 

branes of the root hair and into the cell sap, where it is relatively 
less abundant. This flow of water will continue so long as there 
is a difference in total concentration between soil solution and 
sap solution. If the soil solution becomes more concentrated 
than the sap of the root hair, water will necessarily pass out 
into the soil, and the plant will suffer. 

As water is taken into the sap cavity of the root hair, the 
solution there becomes less concentrated, and the next inner 
cell is consequently able to withdraw water from the first, a 
process which wdU continue until the water reaches the fibro- 
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\ascular cylinder. When ab.sorption is active and there is 
little loss of water from the plant by evaporation, a considerable 
root pressure develops, which may be measured by a gaug(‘ 
attached to a cut stem. This is the reason for the “bleeding” 
of woody stents in the spring and the exudation of droplets of 
water from the leaves of many plants during the night. 

Diffusion, osmosis, and permeability are doubtless c'oncerned 
\Wth much of the absorption of water and salts from tlie soil, 
but other factors seem to be involved, as well. The copious 
evaporation of water from the cells of the leaf results in a con¬ 
siderable pull on the columns of water in the ves.sels of the stem. 
The familiar fact that, when shoots of plants are cut off and their 
stems placed in water, the water is Angorously drawn in and 
carried up the stem shows the operation of this trar.fiou. The 
negative pressure thus set up in the water-conducting vessels 
^\^ll t<?nd to pull water from the cells of the root cortex into the 
ves.sels of the vascular cylinder, from the root hairs into the 
cortex cells, and froni the soil into the root hairs. Some investi¬ 
gators believe that traction is the chief means l^y which water 
enters the root system from the soil. This view has the advan¬ 
tage of explaining why water passes from the living parenchyma 
cells of the root into the vessels, a process which is hard to under¬ 
stand if diffusion alone is operative, since the vessels have m> 
membranes and contain little except water. 

That traction is not responsible for all absorption of water 
is shown by the fact that, when evaporation from the leaves is 
reduced or ab.seirt, water still comes into the root in such quanti¬ 
ties that it often produces a considerable root pressure there. 
Perhaps under usual conditions the entrance of water from the 
soil into the root hairs is due to osmosis, but its passage through 
the cells of the root cortex and into the vascular system is caused 
by traction. 

Other factors than diffusion may be effective in the entrance 
of salts and similar dissolved substances into the root. Some 
of these, notably the role of respiration, have been discussed 
before (p. 58). ' Ions at the surface of colloidal soil particles 
may enter the root in exchange for others released by the root 
into the soil, thus providing another method by which dissolved 
materials pass from soil to root. What effect traction may have 
in the absorption of salts is not well known. 
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Other Functioiis of the Root.—The root has been cliscusscd 
briefly us an organ of anchorage and in more detail as an organ of 
absorption. Us function as a storage organ for food is also of 
much importance and is facilitated by its protected situation. 
Both the cortex and the vascular cylinder may be centers for food 
storage, which takes place in the abundant i^arenchyma developed 
there. Carrots, parsnips, beets, and similar plants are examples 
of such storage. In many climbing plants, roots are produced 
abundantly on the aerial organs and serve to hold the plant firmly 
to its support. In corn, stout roots arise from the stem at some 
distance above the ground and pass into the soil, thus acting as 
props or guy ropes for the tall plant. Contractile roots have 
been shown to pull bulbs and rootstocks deeply into the soil. 
In eihi)hytes the roots are sent out directly into the air and possess 
a characteristic spongy envelope which absorbs and holds rain 
water and dew. In i)arasitic plants the roots arc converted into 
shoi t sucking organs, penetrating the host plant and \nthdrawing 
therefrom the food ujmn which the parasite lives. Many plants 
spread slowly by the extension of their root systems and the 
development there of buds which grow up into new plants, as in 
the beech and the pear; and in artificial propagation, cuttings 
from roots are sometimes used to produce new plants. 

QUESTIONS FOR THOUGHT AND DISCUSSION 

101. Through what various agencies doe.s bare rock gradually become 
covered with soil? What was the origin of the soil in this region? 

102. In what various ways is soil becoming impoverished, or "used 
up,” and in what various ways is it being replenished? 

103. What waj's can you suggest by which soil fertility may be 
conserved? 

104. What is the surface of a bit of gravel which is in the form of a 
solid cube the sides of which are 1 cm. long? What would be the surface 
of this bit of gravel if the cube were cut up into smaller cubes with sides 
1 mm. each? What conclusion can you draw from this as to the impor¬ 
tance to plants of the size of soil particles? 

106. Why do soils in which the particles are small usually produce 
more vigorous plant growth than do soils in which the particles are 
larger? 
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106. W'hy is it harmful to the .soil to till for ‘"work”) it immediately 
after a rain or while the soil is very wet? 

107. Which is better for plant growth in a dry season, a clayey soil or 
a sandy one? Explain. 

108. A potted i)lant dries out the soil in its pot very uniformly, even 
though its roots fill only a small part of the pot. Explain. 

109. Why does the surface of soil which has been perfectlj* dry during 
the day often turn moi.st at night? 

110. Explain exactly why a mulch on the soil .surface reduces los.s ()f 
water from the soil through evaporation. 

111. Why is it advisable to .scratch over a garden with hoe or rake 
as soon after a rain as the soil is workable? 

112. What advantages are gained by pre.^sing down the soil above 
seeds after planting them? 

113. Give three reasons for pressing the soil firmly about the roots of a 
plant after it has been transplanted. 

114. The surface of soil after it lias been plowed is a few inches higher 
than it was before plowing. Explain. 

116. Why is it uecc.ssary to drain wet land before ordinary crops can 
be grown thereon? 

116. In what ways is the air in the soil being constantly changed and 
renewed? 

117. State two reasons why the formation of a “crust” on the soil 
surface is harmful to plants. 

118. How i.s the supply of humus maintained in soils which are not 
under eultivation? 

119. Why is dark-colored soil usually richer than light-colored soil? 

120. How would you determine whether a given chemical clement is 
or is not essential to plants? 

121. If the growth of a plant is increased by the addition of a particu¬ 
lar element to the soil, is tliis proof that this clement is deficient in 
amount in this soil? Explain. 

122. The continual addition to the soil of no other fertilizers than the 
ordinary mineral or “commercial ” ones is generally found to be harmful. 
Explain. 
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123. A good crop of corn,* wheat, or potatoes removes about 50 
pounds of nitrogen per acre from the soil. Nitrogen composes about 
four-fifths of the weight of the atmosphere. At this rate of removal 
by crops liow many years would the nitrogen in the air over an acre 
last, pjo\idcd that it could be made available to the plants growing 
there? 

124. Why are wood ashes so valuable as fertilizer? 

126. In the practice of agriculture, the amount of mineral material 
returned to the soil'through fertilizers is usually less than that taken 
off in crops. Explain. 

126. Why do you think it is that tltere are so few crop plants suitable 
for growth on acid soils? 

127. Carbon dioxide is given off from plant roots into the soil. Of 
what advantage is this to the plant? 

128. What two important contributions to human welfare are made 
by the bacteria of decay? 

129. Plants native to the woods will often fail to thrive when trans¬ 
planted to a garden, even though the soil there is rich and the conditions 
of shade and temperature are much like those in the forest. What 
reason can you suggest for this difficulty? 

130. How do you think the first land plants obtained their water? 

131. Farmers sometimes build a bonfire over the spot where they are 
going to start their young plants of cabbage, tomato, and similar crops. 
What two advantages are gained by this? 

132. State at least three advantages which are gained by plowing the 
soil. 

133. Plants which have very deep roots (such as certain weeds and 
cover-crop plants) are sometimes of advantage to crops which are 
subsequently grown on the same soil. Explain. 

134. Land which is left uncropped, or ‘‘fallow,” for a few years is 
found to be more productive when cultivated again. Explain. 

136. A “cover crop” is one which is planted in late summer or early 
fall and grows up enough to cover the ground before winter. It is often 
plowed under the next spring. What are the advantages of planting 
such a crop? 

136. Why is extensive removal of forests often followed by floods? 
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137. Under what conditions is erosion of the soil by T\ind a serious 
problem? 

138. How can wind erosion be controlled? 

139. ^\^lat “disastrous social consequences” do you know of whicli 
have followed the impoverishment of the soil? 

140. Why is flood-plain or river-bottom soil usually very productive? 

141. Criticize the following statements: 

1. “Plants need nitrogen, phospliorus, and potassium more 
than they do other chemical element'^.” 

2. “A farmer should put back into the soil in the form of 
fertilizer as much of the seven essential chemical elements (calcium, 
magnesium, sulphur, phosphorus, potassium, iron, and nitrogen) as 
he takes off in tlie crops he harvests.” 

3. “ Nitrogen-fixing bacteria take nitrogen from the air so that 
the supply of nitrogenou-s material in the soil may be maintained.” 

142. Criticize the following statements: 

1. “The purpose of the root is to absorb water and mineral 
salts from the soil.” 

2. “The tapering shape of a taproot enable.s it to penetrate 
the soil more ea.sily.” 

143. Which is ordinarily more symmetrical in shape, the root system 
of a plant or its stem s^Tstem? Explain. 

144- In a young plant growing from seed the root is larger and better 
develof)Cfl at first than the stem or leaves. Explain. 

146. The fibrova-sculnr system of the root is usually in the form of a 
solid rod, and that of the stem in the form of a hollow tube. Of what 
advantage to the plant are these arrangements of the tissues? 

146. W'hy does a covering of gross turf or other close plant growth 
prevent the erosion of soil on steep banks and other exposed situations? 

147. If a tree trunk is partially buried (through raising the level of the 
soil about it by grading, for in.stance) why is the tree likely to die? 

148. Desert plants tend to have very deep root systems, and bog 
plants very shallow ones. Explain these facts. 

149. Roots will usually grow toward a supply of nutrient material in 
the soil. 'What causes them to do this? 

160. Of what advantage are root hairs to the plant aside from their 
function in the absorption of water and mineral nutrients? 
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161. Why arc root hairs entirely absent on the older portions of the 
root? 

162. Why are root hairs absent from the growing region near the tip of 
tlie root? 

163. Why are root hairs commonly absent in w'ater plants? 

164. Why is it that except in very rare cases rainfall cannot be 
absorbed directly by the aerial parts of a plant but must enter the soil 
and there be absorbed by the root? 

166. The plasma membrane in a root hair is separated from the soil 
water by the root-hair wall. What makes the water pass through this 
wall? 

166. Why will the stems of many woody plants “bleed” if cut in the 
early spring but will not do so if cut in the summer? 

167. How’ do submersed w’ater plants get their salts? 

168. Why is it that a plant can take up such large amounts of salts 
when these salts occur in such very weak concentrations in the soil? 

169. A plant growm in “water culture” (in a jar of water containing 
the necessary mineral salts in solution) will remove the salts from the jar 
almost completely, oven though its roots fill only a small portion of the 
jar. Explain. 

4 

160. Some plants will absorb w’ater for some time even if the root 
system has been killed. Explain. 

161. The text states that the cytoplasmic membranes of a root hair 
are impermeable to sugar and that sugar therefore cannot get out of 
the root hair into the soil. If this is true, how do you explain the fact 
that sugar w’as able to get into the root hair in the first place? 

162. The salts taken from the soil by one plant are often very dif¬ 
ferent in kind and amount from those taken in by another plant. To 
what factors may such differences be due? 

163. Why does one crop often require different fertilizer treatment 
from another? 

164. Why will some fertilizers, if applied very abundantly, often kill 
plants? 

166. In such places as gravel walks and tennis courts it is often cus¬ 
tomary to kill weeds by sprinkling salt upon them. Wliy is this prac¬ 
tice effective? Why is it not wdely used in killing garden weeds? 
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166. How is it possible for some plants to live in salt marshes and f>n 
sea beaches, while most plants cannot? 

167. How is it possible for a plant to suffer from drouKht in a soil 
abundantly supj)iied with water? 

168. Desert plants and salt-marsh or sea-beach plants frequently 
show similar modifications in stru<'ture. Explain. 

169. The sap concentration in the cells of parasitic plants has been 
found to be hiKher than in the cells of the plants upon which they are 
parasitic. Explain. 

170. What causes root hairs to force themselves in anions the soil 
j)articles? 

171. Growing roots ami stems often exert trememlous pressures, 
sometimes sufficient to split aruj lift heavy rocks. What causes this 
expansive power? 

172. Rock.< are sometimes split apart, in quarrying, by tlic insertion of 
dry wooden wedges into cracks or drills. The.se wedges arc then 
wetted and their swelling exerts a powerful pressure. How <lifforont 
in its origin is thi.s pressure from that e.xcrted by a tree root in splitting 
open a rock? 



CHAPTER V 


THE LEAF AND ITS FUNCTIONS 


The stem iin.I loaves, together called the shoot, are concerned 
ijriinarilv with the manufacture of food, the raw maten^s for 
which they derive both from the air and from the sod. Of the 
two members of the slioot system the leaf is the primary and 
more important one, the stem serving chiefly to expose the leaves 
to light and air and to provide a means of communication between 
them and the root. It is logical, therefore, to follow the study of 


the root with that of the leaf. 

Before the functions of the leaf can be understood, it is neces¬ 
sary to have clearly in mind the important facts with regard to 


its structure. . , , , 

External Structure.—Typically, a leaf is a broad (F igs. 52 and 

53), thin structure in which chlorophyll-bearing cells are exposed 

to light. Its largest and most conspicuous portion is the blade, 

a broad, flat, and thin sheet of green tissue, in which its most 

important acti^•ities arc carried on. This is provided inth a 

system of ribs or veins, which are stouter than the rest of the blade 

and serve to support the softer tissues between them. These are 

bundles of fibrovascular tissue and are connected directly vnih 

the fibrovascular system of the stem and root and thus bring 

up to all parts of the leaf the water and salts used there and carry 

back to the rest of the plant the products of photosynthesis. 

The blade may sometimes be attached directly to the stem 

(in which case the leaf is said to be ses^le), but more frequently it 

is supported by a leaf stalk, or peliole, which under ordinary 

conditions elongates and tvdsts enough so that the blade is 

exposed at right angles to the direction of strongest light. Along 

a crowded shoot the leaf blades tend to be so dispersed that all 

light is intercepted with very little overlapping of one leaf by 

another, with the result that the blades form a remarkable 

“mosaic" when viewed from the lighted side. The petiole also 

serves as a highway for transportation between blade and stem. 
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At the base of the petiole, on either side of the point where it is 
attached to the stem, there sometimes occur two small append¬ 
ages, the stipules. These may protect the young blade in the 
l)U(l (as in tulip tree and beech), serve as subsidiary food-manu¬ 
facturing structures (as in the pea), or become transformed into 
spines (as in the locust), into glands (as in the cherry), or into 
tendrils (as in smilax). Their function is often obscure, and in 
many families of plants stipules are absent entirely. 

Ivoaves vary widely in size, shape, texture, margin, venation, 
and other chaiacters. In size they range from small scales, as in 
the arbor \*itae, to the immense leaves of some tropical plants, 
the blades of which may be several meters long. All gradations 
in shape are found, from leaves which are linear (long and 
narrow), as in the grasses, to those which are almost circular in 
outline, as in the nasturtium. The more important of these 
shapes are shown and named in Fig. 54. The tip of the leaf may 
be blunt (o^te.sc), sharp {acute), or sharply drawn out {acuminate). 
'I'ho base is usually less pointed than the tip and may even be 
indented or cordate. The edge or margin of the leaf may also 
vary greatly. In some, as in rhododendron and corn, this is 
ejuite smooth or entire, and in others it is provided with teeth of 
various sizes and shapes. hen these point directly out from 
the edge, the margin is termed dentate; when they point forward 
(toward the tip), as in saw teeth, it is serrate; and when such teeth 
are blunt instead of sharp, the margin is said to be crcnaic. In 
certain leaves, such as most maples and oaks, the indentations' 
arc still deeper and produce a leaf which is lobed. In the most 
extreme cases, the blade may be so deeply lobed that it is divided 
into separate parts, in which case the leaf as a whole is said to be 
compound, and its parts are called leaflets. If the leaflets all are 
attached at a common point, as in clover, the leaf is palmalely 
compound; if they arise in pairs along the continuation of the 
petiole (called the rachis), as in mountain ash, it is pinnately com¬ 
pound (Fig. 53, A). The arrangement of the veins is also 
variable. There are two main types (Fig. 52): parallel venation, 
where the veins run side by side with no conspicuous branches; 
and netted venation, where they divide repeatedly and form a 
complicated and interconnected network throughout the blade. 

The leaf surface is sometimes smooth and shining, but in many 
plants it is covered, to a greater or lesser degree, with a coating of 
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hairs of various sorts. Wlicn these occur rather thickly, they arc 
believed to reduce evaporation from the leaf surface;’in other 
cases they produce glandular secretions; and less frequently they 
may function as stinging organs, as in the nettle. 



iio. 54 .— Types of loaves. A. Krass; liiteur. vonaliuit pnraliol. Ji, privot; 
lancMiato, marjipn entiro. C, pear; ovato. margin serrate, venation pinnate. 
v. pimpernel; ovato. margin entire, venation palmate. E. chestnut; elliptical, 
margin serrate, venation pinnate. P. oak; pinnately lol^d. O, nasturtium; 
^Itoto. It. mallow; orbicular, base cordate, margin dentate, venation palmate! 
/. castor bean; palmatoly lobed. J, horse chestnut; palmatcjy compound. K. 
locust; pinnatoly compound. L, honey locust; twice pinnately compound. 

The typical foliage leaf has often been modified, during the 
course of evolution, to perform functions quite different from the 
primary one of photosyntliesis. Some leaves have been reduced 
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to bud scales, which protect the young growing points, as m most 
woody twigs; others are modifietl into spurs, as in the baiberr> , 
others are reduced to thick, food-storing structures, as in the scale 


leaves of the onion bulb; others store water, as in the stoneerops; 
and still others serve to capture insects, as in the sundew, pitcher 
plant, and bladderwort. In certain underground stoms, as the 
tubers of the potato, the leaves are reduced to tiny vestiges; 
an<l in parasitic plants like the dodder, they also are minute and 



Fiu. 55—A 8n»all |>ic«-e of a typical leaf blade, seen in three planes and highly 
magnified. A. uppor epidermis, covered by the cuticle (in black); palisade 
laver* C, sponicv laver; D, lower epidermis, covered by cuticle; stomata, the 
one in the lower epidermis shown in section; F, intorcelluar air space; O, vein, 
cut lengthwse. 


seem quite functionlcss. In a few cases, such as the mature 
portions of cacti, they are entirely absent. 

Leaves arise as lateral outgrowths of the stem and are developed 
at the terminal growing point. In many cases they are fully 
formed as to general shape and structure while vciy small. 
Thus, most or all of the leaves for the next season’s growth may 
be found by carefully dissecting the winter buds of many woody 
plants. Unlike stems, typical loaves have no organized growing 
points, and after they have reached mature size they neither grow 
further nor produce new structures from their tissues. In 
perennial plants they ultimately .die and drop off. 

Internal Structure.—Internally the structure of the leaf is 
marked by a high degree of differentiation. A transverse section 
cut at right angles to the surface of the blade (Figs. 55 and 56) 
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displays three types of tissue. These are the epidermic, or 

protective covering; the mcsophyH, constituting the major portion 

of the leaf substance; and the cc/«.s'. each of which is a tibro- 

vascular bundle and a branch of the vascular s\ >tem uhich runs 
tfirough root and stem. 

'J'he epidermis, which is usually but a .single cell layer in thick- 
ne-ss. protects the delicate rne.sophyll ti.ssues against mechanical 
injury, loss of water, infection, an.l other harmful environmental 
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Lowfpldenni, \ IaUr«naI« 

Stou^tn 

1 ta. 5fl. r'ro.-sH .sorlioii llirouKh the hLiclf „{ a |.rivet leaf. (From A. IV. 


influences. Its cells are filled with a transparent cell sap, and 
their outer walls are often markedly thickened and somewhat 
convex. Spread over their surfaces is a thin, waxy, waterproof¬ 
ing layer, the cuticle, extending from cell to cell and ordinarily 
much thicker on the upper than on the lower surface of the leaf. 

For the .successful activity of the leaf, particularly in the 
process of photosynthesis, an interchange of gases between the 
inner tissues and the atmosphere is neee.s.sary. This would b(? 
impossible if the epidermis were an unbroken layer, but is accom¬ 
plished by the presence in it of many minute openings, tbe 
HtomaUi (singular, stoma) (Fig. 57). Each stoma is a slit-like 
pore caused by the separation, along part of their surface of 
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contact, of two specialized epidermal ceils, the ^ward cells. 
These are unlike other cells of the epidermis in that they contain 
chloroplasts. The whole stoma is generally smaller than an 
ordinary epidermal cell, and its pore is a tiny opening from three 
to twelve thousandths of a millimeter wide, when fully open, 
and two or three times as long. Stomata arc generally mucli 
more frequent on the lower leaf surface than on the upper, aiui 
are often quite absent from the lattor. They are very numerous, 
ranging from 200 per sejuare centimeter of leaf surface in some 
inonocotyledonous plants to over 100,000 in certain trees. 

Stomata are of great physiological importance since they 
regulate the exchange of gases between the air and the leaf. 



Klu. 57,—A storiiji. A, (acc view, showing the Rtiard cells (G) contuiniiiK 
chloroplasts; the pore (P) or opening l>ctwocii the cells; aiul the adjacent 

cells o( the cpiclornhs to which the guard ccIIh are attached. B, transverse sec¬ 
tion, cut at right angles to the longer dimension of the stomu, showing the largo 
air space into wliich the pore loads. 

The guard cells are so constructed that when plump and turgid 
with water the.v tend to pull apart (though still in contact at 
their ends) and thus widen the opening or pore between them. 
On becoming limp and partially collapsed, however, they spring 
together again and the pore is closed. The degree of stomatal 
opening thus fluctuates as the water content of the guard cells 
rises and falls in response to changing internal or external con¬ 
ditions. Even when the pores are wide open, their aggregate 
area is usually only about 3 per cent of that of the whole leaf, 
and this seems too small to allow for much gas diffusion. Experi¬ 
ments have shown, however, that diffusion is much more rapid 
through a series of small openings than through a single large 
opening of equal area, and in the case of very minute and numer- 
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ous pores like the stomata, it is probable that the gas diffusion 
can take place through them, when they are fully open, almost 
as fast as if the epidermis were removed. If excessive evapora¬ 
tion from the moist inner tissues begins to take place, however, 
it will be quickly checked by the clo.sure of the stomatal pores. 



tlu. 68.—A coll from the palifiadc layer of tho loaf. Tho chloroplaatH are 
bonicwhut bUcuit^Impcd bodice, roughly circular in face view and elliptical wlion 
i»ccn from the aide. They arc imbedded in tho tliin und traiiaparcnt layor of 
cytoplaisfiif their broad facc» ];arnllel to the cell wall. 

The mesophyll consists of parenchymatous tissue which is 
characteristically thin-walled, soft, and green. Tho cytoplasm 
within its cells contains great numbers of very small, roundish 
bodies, the chloroplaals, which are denser than the rest of the living 
substance and contain within them the green pigment chlorophyll, 
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to whicli the characteristic color of foliage is due, and which is so 
essential in the process of photosynthesis. 

'riie mesophyll is not a homogeneous tissue. In the commonest 
type of leaf, where one surface is exposed to light and the other is 
shaded (the dor.sirrnfral type), it is <livided into two main regions. 
The pt)rlion lying next to the upper side of the leaf is composed 
of cells elongated at right angles to the leaf surface and packed 
rather clo.sely together (Fig. 58). They are provided with a 
great abundance of chloroplasts, estimated at over 400,000 per 
s(iu!ir(> inillinu'ter of leaf surface in some cases. This region is 
ktiown as the pnlisatJc layer, an<l here is carried on most actively 
the process of photosynthesis. The lower region of the meso¬ 
phyll. on the other hand, consists of cells which are but loosely 
in contact, with the result that largo air spaces occur between 
them, ami a very loose, .sponge-like tis.sue, the spongy layer, 
is j)roduced. These air spaces communicate with the outside 
air through stomata. C’hloroplasts are pre.sent in the spongy 
layer, but much less frequently. Through the exposure to 
the air of a large internal area of cell surface, which hjis been 
shown to be as much as from seven to twenty times the external 
surface area of the leaf, opportunity is provided in this tissue 
of the mesophyll for those gas exchanges which are continually 
taking place between the leaf and the atmosphere, such as the 
absorption and release of both carbon dioxide and oxygen in the 
])rocesses of photosynthesis and respiration, and the evaporation 


of water in transpiration. 

In leaves which are approximately vertical in orientation and 
are thus illuminated on both surfaces, such as those of many 
grasses, there is a palisade layer next both surfaces, and the 
tissue is situatc*d between these, communicating ^^ith the 
stomata through gaps in the palisade tier. 

Running through the blade are the veins, or fibrovascular 
bundles, channels by which the leaf tissues communicate with the 
rest of the plant. The main veins are stout, often projecting 
somewhat below the lower surface of the blade. These break up 
into smaller and smaller bundles and finally into minute veinlets 
consisting of only a few cells, in intimate contact with the cells 
of the mesophyll. Each vein is surrounded by a bundle sheath, 
which in the larger veins may include some thick-walled cells to 
which much of the rigidity of the vein is due, but which in the 
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^miiller \cins consists of simple, tliin-wullcd elements acting as 
intermediaries between the conducting tissue and tlie rnesophyll 
cells. The bundle it<elt‘ is ina<le up of two tis>ue>. Thes<? are the 
wood {jylrm) consisting largely (as elsewhere in tlie plant, body) 
of elongated, water-conducting cells, the ce.v.s// re//*- arul Iracht ids, 
which distribute the water and dissolved sul»stances Inought up 
through the stern from the root ; and tlie phloem (bast) consisting 
of specially modified cells. \\\o .^i,re Iubes. which collect from th(‘ 
rnesophyll tlie foods mamifaeturerl th(*re and convey them to the 
phloem (jf the stern and thus to other jrarts of the plant. In a 
dorsiventral l(*uf, the wood ol the ^•ein is toward tin' upper sur¬ 
face and the phloem towanl the lower surface of the blade. 

The petiole, usually circidar 
or essentially so in cro.■^s se<r- 
tion, con.sists chiefly of funda¬ 
mental tissue, but running 
through this is a fibrovasetdar 
bundle, or a .series of them, 
arrangerl (as serni 1 rans\'ersely) 
either in the form of an arc 
(Fig. 59) or, less commonly, 
in a ring. This is continuous 
with the main veins of the 
blade above and enters di¬ 
rectly into the vascular cylin¬ 
der of the stem below, and it 

is along this bundle that water enters tin* leaf from the stem aiul 
manufacturer! food passes back from the leaf. 

The Economic Importance of Leaves.—F<ronomically, leaves 
are chiefl3' important as sources of food, fibers, and drugs. 

(’abbage, Hrusseds sprouts, celerj', lettuce, rhubarb, spinach, 
and onions are cr^mmon vegetables in which the leaf or a part 
of it is the edible portion. The leaves of other garden plants, 
especially beets and turnips, arc often eaten, as well. These 
leafy vegetables hav’c become recognized in recent years as of 
special importance in nutrition because of their richness in the 
various vitamins. 

Some of the important fibers of commerce come from leaves, 
such as Alunila hem)>, from a banana-like plant of the Philippines; 
sisal hemp, from the leaves of Agave; and New Zealand hemp, 



tio* 69.—Petiole of a Jiifi 2 toti*\vce<l 
leuf in ero>M ^oetion, Hlii>wiri^ un urr- 
hli:i|H*(l row of Ivikf bn utiles. 
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from an iris-like plant of that country. These are relatively 
coarse fibers used chiefly in making rope and twine, and are 
derived fioin the sclerenchyma cells in the mechanical tis.sue 
of tlie leaves. 

A number of important drugs and narcotics are derived from 
leavt's. ('hi<'f among tlu'.se is tobacco, a genus of plants nativ(‘ 
to tropii-al America, but now wiilely cultivated in great variety 
over the worUl. 'Fhe leaves of the coca plant provide cocaine, 
an important atiaesthetic; tliosc of foxglove give digitalis, much 



used in heart ailments; and those of other plants yield various 
drugs, notably belladonna, pennyroyal, and stramonium. The 
leaves of the tea shrub (Fig. 60), from China and the eastern 
tropics, yield an important beverage. 

Photosynthesis.—The primary activity of green leaves is the 
ynanufneture of food from certain simple inorganic mateiials— 
carbon dioxide and water—by energj' derived from light. This 
proce.ss of photosynthesis is fundamental in organic nature, for 
it is not only an essential function of green plants themselves 
but of the \itmost significance to animals and man, since it 
constitutes the sole ultimate source of food in the world. Food 
is primarily a storehouse of energy and of body-building materials 
for living things. In the green parts of plants active or kinetic 
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energ>’—in this case the energy of light—is converte<l into a 
latent or potential form, readily available to living organisms for 
use in maintaining their vital activities; and. moreover, in 
green plants alone are produced those fundamental organic 
materials out of which plant and animal bodies are construett'd. 
The complex metabolic changes which later take place in the 
organic world are simply elaborations or amplifications of the 
primary products of photosynthesis. A more detailed account 
of the various types of foods, of their uses, and of the energy 
relation.s of the plant will he presented in the chapter on 
metabolism. 

It was only in relatively recent times that thi.s fundamental 
uctivitj' of green plants began to be at all clearl}' undei-stooil. 
The practice of agriculture, with its empha.Ms on the necessity 
of adding fertilizers to the soil, made it .seem obvious that the 
plant ab.sorbed food from this part of its environment. Karlv 
in the seventeenth eentury, however, the Flemish scientist \’an 
Ilelmont found that a growing tree seemed to receive nothing but 
waU*r from the soil and concluded that the food of plants came 
entirely from water. Not until Priestley’s discovery of oxvgen 
could a start be made towartl a true understanding of the activity 
of green plants. In 1772 Pric.stloy ob.served that air in which 
animals could no longer live might bo “purified” by the growth 
of green plants in it. Ingen-Hou.sz, an Austrian physician who 
was intere.sted in purity of air from a medical point of view, 
reported in 1774 that this purifying effect of plants occurred 
only when they were exposed to light arul was due only to their 
green portions. Photosynthesis was first put on a quantitative 
chemical basis by de Sau.s.sure, a Frenchman, in 1804. He found 
that both carbon dioxide an<l water were absorbed in the process, 
that oxygen was liberate<l, and that an increase in weight resulted. 
None of these men wjis a botanist and their work was largely 
neglected until modern plant physiologj- began to develop. It 
was only a little over half a century ago that a clear understanding 
of photosynthesis was established b 3 '' the German physiologist 
Sachs, who discovered that it is es.sentially a food>making process 
and that starch is its characteristic product. 

Materials .—The materials combined by the plant in this 
process are but two—water and carbon dioxide. Water is 
absorbed from the soil by the roots, passes upward through the 
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stom, the petiole, and the veins of the leaf, and thence enters 
the mesophyll cells. N()ne is obtained by the leaf directly from 
the atmosphere. It should be remembered that only a relatively 
small portion of the water taken in by the plant is used in food 
manufacture, for mticli the larger part soon leaves the plant 
again, passing t)ut of the leaf into the air by transpiration. The 
carlitm dioxide used in photosynthe.sis is derived entirely from 
the air. Here it is always present, but in such small (luantities 
that it constit\ites only about 3 parts in 10,000 by volume of the 
atmosphere, or thieo-hundredths of 1 per cent. This con¬ 
centration is maintained by the return of carbon dioxide to the 
air in various ways and particularly by an equilibrium establislied 
between the amount of this gas in the atmosphere and in the 
ocean. I'lie amount of air necessary to supply carbon dioxide 
for a growing plant is tlunefore very considerable. It has been 
calculated that a good field of corn during its growth removes 
the carbon dioxide from a weight of air equivalent to nearly half 
of the atmosphere above it. A sejuare meter of leaf surface 
where ])hoto.synthesis is going on actively will remove the carbon 
dioxide from more than 2 cubic meters of air per hour. Experi¬ 
ments have shown that a higher concentration is advantageous to 
plant growth, since the rate of photosynthesis rises if the pro¬ 
portion of carbon dioxi<le in the air is artificially increased, at 
least up to twenty-five times its normal amount. It is through 
this comparatively rare gas alone that the plant derives its 
supply of carbon, that clement so vitally necessary to all living 
organisms. No other carbon compounds, not even the abundant 
supplies present in the complex organic materials of humus, 
can apparently be drawn upon by most green plants. Carbon, 
ox 3 'gcn, and hydrogen, together with the essential elements 
derived from the soil, constitute the necessary chemical basis 
for plant life. 

The carbon dioxide enters the leaf through the stomata. The 
coll walls in the spongy tissue are wet, since they absorb water 
from the cytoplasm and vacuole by imbibition, and as the 
molecules of carbon dioxide come into contact with this water at 
the cell surfaces they become dissolved in it and thus pass inward 
and ultimately reach the chloroplasts. 

Mechanism .—The mechanism or apparatus by which water 
and carbon dio.xide are combined is the remarkable green pig- 
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mcnt chlorophyll. This is present in the chloroplasls, specializoil 
portions of the cytoplasm slightly denser than the rest. Chloro- 
plasts may be relatively large in some of the lower plants, but in 
the higher forms they are very small and numerous and are 
usually somewhat spherical in shape. They are mo.st abundant 
in the cells of the j)alisad(^ layer of the leaf but occur in all grt‘en 
portions of the plant body. 

As to chlorophyll itself and exactly how it works, compara¬ 
tively little is known. C'hlorophyll is a complex protein, being 
composed of carbon, hydrogen, oxygen, and nitrogen; aiul 
in addition it contains magne.sium. Iron is e.ssential for its 
production but does not enter into its composition. Light also 
is usually neces.sary for the development of chlorophyll, as is 
shown by the pale color of leaves which ha\’e grown in darkness. 
Furtheimore, chlorophyll is not a homi>geneous substance but. 
has been found to consist of two v(‘ry similar but distinct pig- 
in(*nts known as chlorophyll a and chlorophyll b. The fornu'r is 
blue-green in color and more abundant than the latter, whi<li is 
yellow-green. The following approximate chemical formulae 
have been determined for these two substances and gi^'e an 
idea of their constitution and of the diffenmees l)etween them: 

Chlorophyll a, C'&ilLsOtX^Mg 
C'hloro[)h 3 'Il h, C’^tllToOcN^Mg 

It is noteworthy that those pigments arc very similar chemi¬ 
cally to the hemoglobin of blood, iron in th<? latter taking tin* 
place occupied by magnesium in the former. 

(,’hlorophyll (jf both types has the remarkable physical propc'i ty 
of Jluoreacencc, whereby its color as S(*en by reflectc*d and by 
transmitted light is quite different. When a solution of chloro¬ 
phyll, freshly cxtractc<l from a leaf, is held up to the light it 
appears to be green. When placed against a dark background, 
so that light is reflected from it, it is a deep red. This property 
is shared by only a few other pigments. 

Almost invariably as.sociated with chlorophyll in the higher 
plants are two other pigments, yellow in color and \ ery much 
alike, t^e carotenoids. These are carotene, containing carbon 
and hydrogen, with the formula C 4 on 6 e;and yaviow?, xanthophylls, 
probably derived from it and containing, in addition, a little 
oxygen. The function of these pigments is not well understood. 
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If they are concerned at all with photosynthesis they apparently 
play a m\jch less important part than does chlorophyll. They 
arc responsible for most of the yellow colors which occur in 
plants. \’itaniin A, so important in the nutrition of animals, 
is ('lo.sely related chemically to carotene and doubtless derived 
from it. I'nlike chlorophyll, which is a very unstable compound 
an<l tends to break »lown quickly when extracted from the leaf 
or when the cells containing it lo.se their vitality, these yellow 
pigments are \ cry ro-sistant and often survive long after chloro¬ 
phyll has disappeared. 

(’hloiophyll is synthesized in the green tissues of the plant, 
though the \ arious chemical steps in this process are not under¬ 
stood. Light is usually necessary, though m most lower plants, 
notably algae, mosses, ferns, and coniferous trees, chlorophyll 
may be produc(‘tl in darkness. 

How chlorophyll operates in bringing about the union of 
carbon dioxide and water is unknown, but since it does not con¬ 
tribute* to the product forineil and is not itself used up in the 
process, one may infer that it acts as a catalyzer. It is evidently 
one of the most remarkable substances in nature, and its activity 
provides some of the chief theoretical and economic problems 
which confront the botanist. 

Energy .—In the process of breaking up the molecules of water 
and carbon dioxide and recombining their atoms into a new com¬ 
pound, energj’ is necessarily expended, as it is in any movement of 
matter. Active or kinetic energy occurs in the universe in various 
forms, among them heat, light, electricity, and chemical and 
mechanical energj’. Any of these may bo converted into another 
or may be stored as inactive or potential energy. Since experi¬ 
ment readily proves that photosynthesis will never take place in 
darkness, regardless of what the other environmental conditions 
may be, it is clear that the form of energy employed in this process 
is always light, a fact which explains the very important part 
which light plays in the physiology of plants. 

According to the theory in most common use, light is due to 
minute and enormously rapid vibrations. These usually have 
their origin in some object which has a very high temperature. 
Thus, a piece of iron, when sufficiently hot, wU begin to give off 
light, a part of its heat energy being converted into light energy. 
Of course the sun is the all-important source of light for plants, 
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though experiment has shown that it is quite possible to grow 
plants in light from other sources if this lias the necessary int<‘n- 
sity and fjuality. 

The length of the light vibration—its ivave length —determines 
the color of the light to our eyes. Sunlight, or any iihile light, 
is composed of vibrations of a great \ariety of ililYerent wa\’e 
lengths, but when such light is jiassed through a glass prism tliese 
become sorted out into a inany-coloretl epeclrum. 'The ^'isible 
part of this spectrum extends from the retl lays, the wa\c length 
of which is approximately 700 millionths of a millimeter, through 
orange, yellow, green, and blue tc) the violet ones, where it is 
approxiinati'ly 300. Tlicsc radiations which are visible to oui' 
eyes as light are only a small portion of the wide spectrum of 
radiant energy. Shorter wave lengths than the \'ioIet, from 390 
to about 10 millionths of a millimeter in length, are known as 
ultraviolet radiations and arc very active chemically and of 
considerable importance in animal physiolog;>'. Shorter than 
thes<; are the X ra^'s, and still short-cr are the gamma rays given 
off by radium. The so-called cosmic rays are the shortest of all. 
At the other end of the visible spectrum are the radiations much 
longer than red, the so-called infrared, extcmling up to one- 
tenth of a millimeter and p:issing into heat ra«liations. Still 
longer are the electrical waves which reach a length of 1000 
meters or more and arc u.sed in radio transmission. There is 
much evidence, of course, that light is not a scries of waves, 
but a stream of light particles or photons, each t>f which carries 
a single unit or r/uart/um of energy. This conception of the 
nature of light is particularly helpful in interpreting the chemical 
changes, such as photosynthesis, which light produces. 

When falling upon different objects, light behaves dilTcrently. 
All of it may be absorbed by the object and converted into heat 
or some other form of energy, the object then appearing black; 
or all may be reflected, the object then appearing white; or 
certain wave lengths may be absorbed and certain others reflected, 
the object in such a case displaying to our eyes the color of the 
light which it reflects. A green substance like chlorophyll, for 
example, absorbs in general those wave lengths which are not 
green and reflects those which arc green or greenish-yellow. 
One can determine much more accurately, however, the kind 
of light which is absorbed by a colored substance if he breaks up 
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iTifo a sp<‘<-tniin tlio li^ht whirh has passed throuKli that sid>- 
-fanre. SiH'li a spcctniin <lisplays perfectly dark regions, or 
ahsnifiiio/i h(in//s. in those portions wliicli corresponri to the 
paiticular kinds or \\a\(* Itaigths of light which the substance 
has ahsoilxMl, 'riie al)>orption sjna'tlaini of chlorophyll (Fig. 61 ) 
shows a narrt)u , sharj). black bainl in th<' orange-red and a much 
\\ idci'. Ir'ss (hdinitone in t he blue, thus indicat ing that it is cliiefly 



Fi<i. (HDijiirrams showing lieht lirokrn up hy tho prism of a spoctroscopo 
ihto its const it uoiit wave louRtlis, which form a spectrum. AI>ove, spectrum of 
wluto liulit. n<‘Iow. spo<*trum of li^cht that has passed throufdi a chloropliyll 
soixitiou (at loft) heforo entering the spectroscope, showing the dark “absorption 
bands’* in the rod un<l in the blue. 


these two kinds of light which chlorophyll absorbs and suggesting 
that the red and blue rays in sunlight furnish most of the energy 
used in the process of photosjmthcsis. That this is the case is 
readily proved by projecting a spectrum upon the surface of a 
leaf which has been kept for a time in the dark, and which 
receives no other illumination; and by testing this leaf, after a 
time, for starch. Under these conditions starch is found chiefly 
in those areas of the leaf which were illuminated by the red and 
the blue portion of the spectnim. All regions of the visible 
spectrum will induce photosynthesis to about the same degree, 
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if the radiation absorbed is equal iu quantity; and the failure to 
synthesize much starch in the orange, yellow, and grc*on light is 
due simpb' to the fact that but littlelight of tliissorf is absorbed. 
Portions of the spectrum which are not vi>iblc to our (*yes (infra¬ 
red and ultraviolet), however important they may be in other 
physiological processes, apparently take little or no part in 
photosynthesis. 

The intensity as well as the cliaracrtcr of the light alTeets the 
rate at. which photosynthesis proceeds. It begins at illuininat ioi^s 
of very low intensity, reaches its maximum with most plant> at 
about that of bright diffuse <la^’light, and decreases again in 
light which is so strong as to be injurious, l^lants dilYer con¬ 
siderably in the intensity of light nec<*ssary for pliotosynth(‘sis, 
some being able to thrive an<l grow at illuminations far too weak 
to suflice for others. 

Of the light which falls upon the leaf only a very small j)art 
is actually used in photosynthesis. Much is le/lected from the* 
surface. Alost of what is al>sorbed by the leaf tissu(‘s is chiefly 
cfTeetivc in raising the t(*mperature of tin* leaf or in hastening 
the evaporation of water from it. That portion actually absorbed 
by chloropliyll and utilized in food synthesis, and thus locked tip 
in potential form, is estimated to be onl 3 ' from about 0.5 to 
3.0 per cent of that which falls on the leaf. A .steam engine 
utilizes from 15 to 30 per cent of the energ>' of its fu(*l, and an 
internal-combustion ciigine much more, so that photo.sjuithcsi.s 
is a relativelj' inefFicient i)rocess. The total area of all leaf sur¬ 
face exposed to the light is so great, however, and the sounre of 
light so powerful, that the actual amount of energy absorbed and 
used by chlorophyll in the aggregate is cjnormous. It constitutes 
not only the sole source of energy for the vital processes of plants 
and animals but the most important source for industry, as well. 

Products .—The process by which carbon dioxide unites with 
water to form glucose has been the subject of much study, 
but the details arc far from being xindei-stood nor can the process 
itself bo imitated outside the plant. It evidently' consists not 
of a single step, but a series of them. One of these retjuires 
light and is little affected by temperature for its accomplish¬ 
ment, but another and probably later one will go on in the dark 
as well as in the light. The “light” reaction is more rapid than 
the “dark” one and the latter is not able to use up the products 
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of the former as fast as they arc made. When plants are lighted 
by brief flashes, each followed by a somewhat longer dark period, 
the amount of pliotosynthesis per unit of light energy employed 
is much increased, presumably becatise the dark reaction can 
now use up the products of tlie light reaction before more are 
made. 'I'liere may be more tlian these two steps, and enzymes 
are prol^ably conceriu'd in at least one of them. The exact 
cliemical changes iinolved are unknown, but there is evidence 
that the formation of formaldehyde, CII 2 O, is one of the pre¬ 
liminary stops. Six molecules of this compound (which by 
itself is highly poisonous) seem almost immediately to unite 
to produce the first i)roduet which may be recognized, the car- 
bohyiliate glucose, or grape sugar. The chemical relations of 
glucose to the materials from which it is synthesized are shown 
by the following equation: 

C’arbon 

dioxide Water Glucose Oxygen 
6II2O = OcIIisOfi ^ 6O2 

By the use of “tagged” atoms it is now possible to determine 
that the oxygen which occurs in the carbohydrate comes from 
the water which enters its composition and not from the carbon 
dioxide. 

Glucose is present in the sap of practically all plant cells. 
It is the fundamental carbohydrate and the basis for all other 
foods; and from it are ultimately derived, through the action of 
enzymes and by various additions and chemical modifications, all 
the organic compounds of plants and animals. This simple 
sugar is often converted into more complex ones, among them 
our table sugar or cane sugar, sucrose, C 12 H 32 O 11 , formed by the 
union of two molecules of glucose and the removal of one molecule 
of water. 

The presence of a large amount of sugar in a chlorophyll- 
bearing cell results in a stoppage of its manufacture there and is 
disadvantageous for other reasons. It is found, accordingly, 
that before photosynthesis has long continued, the resulting 
sugar becomes converted in the tissues of the leaf into another 
type of carbohydrate, starch, (CsHioOs)/!.* Starch is complex 

* n stands for the unknown number of smaller molecules which are united 
into one of the large and complex ones of such a substance as starch. 
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and insoluble, occurring in minute but dennito bodies or grnint^. 
the size, shape, and markings of which are characteristic and 
constant in any plarit species. The starch molecule is verv 
large—just how large is not known—and is <lcrived through the 
combination of many glucose molecules, with tin* liberation of a 
molecule of water from each, thus: 

Ciluco^c \\*at<T Stars’ll 

n(CoH,=o«) - = (Car, 

The cimnge from sugar to starch does not reipiire light. In 
many plants it does not tak(* place in the leaves at all. and these 
contain only sugar. In a few cases it is oil rather than starch 
which is produced from (ln» sugar. 

All of these proces.ses are apparently carried on through the 
activity of various enzymes, some of which are now known. 

Neither suga^ nor starch i.s accumulated in very great (juan- 
tities in tlic leaf bla<le, for most of the products of photo.synthesis 
are removed shortly' after their prodiictioti to tho.se regions of 
the plant where they are to bo used or stored. 

The rate at which photosynthesi.s takes place aiul at which 
these products are formed depends on many faetoi*s, among the 
more important of \\hich are the amount of chlorophyll exposed 
to light; the size, number, and degree of opening of the stomata; 
the (piality and the intensity of the light; the amount of carbon 
dioxide availal)le; the temperature; and the rate at, which the 
product is carried away from the leaf. The amount of new 
material (chiefly sugar and starch) produced by a stiuare meter 
of leaf surface of a healthy plant varies, roughly, from 0.5 to 
2 grains per hour. 

By-product .—In tlic recombination of the atoms of carbon 
dioxide and water out of which glucose is produced there must 
evidently be u surplus of oxygen. This is given olT as a by-prod¬ 
uct of photosynthe.sis, pa.ssing forth continuously from green 
plants during their exposure to light. This fact is of little 
significance to the plant it.self but is highly important in nature 
and to other organisms, for it is one of the few mcan.s by which 
oxygen is returncrl to the atmospliere. It requires about 25 
square meters of leaf surface, carrjdng on active photo.syiithesis, 
to liberate per day the amount of oxygen required by an average 
person. 
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Significance of Photosynthesis.—Photosynthesis is of the 
utmost sisnificance to man for many reasons. It is the basic 
synthetic process, the only one (with certain minor exceptions, 
j). 501) by which orfianic compounds are produced from very 
simple inorj?anic materials. Chlorophyll-bearing plants are 
tlie agenci«'s by whiclt this i.s accomplished. Modifications of 
the basic carbohydrate product in almost infinite variety are 
carried out in the bodies of animals and in chemical laboratories, 
but the “basic patent,” so to speak, is held by plants alone. 

The practice of agriculture is essentially the exploitation of 
this process for man’s service. Chief among its products is 
food. The carbohydrate foods—the sugars and starches—come 
directly from glucose, the immediate product of photosynthesis, 
and the other essential foods—the proteins and vitamins—come 
from it indirectly. 

It has been estimated that about 250 squaip meters of leaf 
surface, on the average, working through the growing season, 
are needcti to produce starch enough to feed a man for a year. 
.\n acre of high-yielding corn has about 2 acres of leaf surface 
and produces about 2 tons of sugar, or 2 pounds per plant. By 

no means all of this is har\'cst.cd. It has been estimated that 

% 

on the average about one-fourth is used up in the respiration 
of the growing plant, about one-half is built into its vegetative 
tissues, and only one-fourth becomes the stored surplus which is 
available as food. It should be remembered that the meat, 
milk, and eggs we eat come from animals which themselves must 
live on these products of green plants. 

Crops differ in their photosynthetic productivity. The 
yield from an acre of corn \v\\\ feed about 1000 men for a day; 
that from an acre of potatoes, about 600; and that from an acre 
of beans, 375. The carbohydrate foods, rich in potential energy, 
are the chief source of fuel for our bodies. The energy used by a 
normal man who is not doing vigorous physical work is about 
2500 calories a day, equivalent to that stored in the grain from 
three large corn plants. These problems of the basic syntheses 
by plants and of their importance in human nutrition will be 
discussed more fully later (p. 190). The figures just given illus¬ 
trate the magnitude of the food-producing task in which man and 
green plants collaborate. 

The many plant products other than food also, of course, 
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have their ultimate source in photosynthesis. Of particular 
importance today is the production of basic raw materials, 
notably cellulose and alcohol, from which innumerable synthetic 
substances, such as rubber and plastic.s, may be manufactured 
(p. G88). 

The Energy Problem.—Photosynthesis has another notable 
significance aside from the production of food for us an<I our 
domestic animals. It i.s the most important means of <’onverting 
kinetic energj' into potential form, from wliich it then can be 
liberated again to do its work. This happens when food is 
broken down in the body, to yield energy for it, l)ut on a much 
greater scale in the machines on which our iiulustries are based. 
Food can be used as fuel, and boilers have been stoked with 
com or wheat. The most common fuels today, however, are 
coal and petroleum, which furnish about 90 per cent of our 
industrial power. 'J'hese substances themselves are organic 
materials and formed from the remains of plant and animal life 
in ages past. The potential energy in which they are so rich 
all came originallj' from photosynthesis in these ancient ))lants. 
Enormous quantities of the.se valuable materials are being used 
up today, and although supplies in the earth’s crust are .still 
abundant, the time mu.st come, if consumption at the present 
rate continues, when they will begin to grow scarce. It is 
important, therefore, to see how far photosynthesis from living 
plants could supply our need for fuel. 

The products of green plants readily yield energj’^ for this 
purpose. Early locomotives and other engines were wood 
burners. It is more economical, however, to convert plant 
material into more easily manipulated fuel. Alcohol, for 
example, can readily be produced from sugar, starch or cellulose, 
and is being so made today. A method is now available for 
its manufacture from saw'dust, at the rate of about 50 gallons 
from a ton of sawdust. Since 30 million tons of sawdust and 
wood wastc.s are now being produced annually in the United 
States, the possible amount of fuel from this source is great. 
Other methods yield concentrated fuel from plant materials 
of all sorts, by which substances heretofore entirely wasted can 
be utilized. Some of these materials arc the products of agricul¬ 
ture, some of forestry, and others come from wild plants of 
various kinds. 
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The amount of energy available from the sun is practically 
limitless. On an acre of corn during the growing season falls 
light energy equivalent to about 2 billion calories. Only about 
311 million of this is locked up in potential form by photosynthesis 
of the corn plants, of which something more than half might 
ultimately be used a.s fuel. Thus even such an efficient plant 
a.s corn can make only a small fraction of the sun’s energy 
available for this purpose. Improved plants, chosen for their 
rank, fast growth, would be better energv' convert-ers. Tropical 
agriculture, with its warmth and long growing season, offers 
much promise for bulk production of plants for fuel. Forests 
in general produce considerably more plant material per acre 
tiian agricultural crops and are therefore particularly important 
in this connection. It has been estimated that if all the plant 
material produced in this country were available for use without 
waste, it would just about provide for our food, that of our 
domestic animals, other necessary products, and the energy 
hockUhI for industiy. With the development of more efficient 
crops and bettor methods of utilization and with the use of 
wider ureas of vegetation, particularly in the tropics, a great 
addition to our available fuel could be made cheaply from 
current photosynthesis if supplies of oil and coal should become 
severely reduced. Atomic energj% even if it becomes available, 
will supplement rather than supplant energy from photosynthesis. 

Transpiration.—The gas exchanges involved in the process 
of photosynthesis are not the only ones between plant and atmos¬ 
phere, for water vapor, derived from the evaporation of w’ater 
out of the moist plant tissues, is continually passing off into the 
air. This process is known as transpiralion and occurs chiefly 
from the spongy tissues of the leaf mesophyll. 

The Importance of Water .—The w’ater relations of a plant are 
of the utmost importance to it and profoundly influence its 
structure and activities. Water constitutes the major portion 
(75 to 90 per cent) of plant tissues in general and a much larger 
share of protoplasm itself. An abundance of water keeps the 
cells plump and, by maintaining the turgidity of the tissues, 
enables tlio soft parts of the plant to preserve their flrmness and 
to function successfully. Water is one of the raw materials 
entering into the process of photosynthesis. It is the solvent of 
the mineral nutrients, which can enter the plant and move about 
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^nthin it only when in solution; and in watery solutions all the 
important pliysiological processes of the plant take place. The 
maintenance of an ahundant supply of water in its tissues is 
therefore essential for the life and gi<iwtli of the plant. 

For thi.s the primary refpiisiles are e\identlv the presenc<‘ 
of a sufficient amount of availahle water in tlie soil and its 
abundant absorption therefrom by the roots. Of no less signifi¬ 
cance in tlie water relations of tlie plant is the prtjcess by whicli 
this water e\-aporafes from the plant tissues and passes into tin* 
air. Absorption must e(|ual or exceed tlanspiration if the plant 
is to thri\ e, for should there bo a deficiency in income or an <*.\ce>s 



I'Mi. G2.— Trnue^ifitiiCum from tliv lv«f hliulo. Ooh-h through a 

MU'ludhiK a vein. Arro^d inciirato pa.vsaf;t' of water from thu vein throu^rh the 
iiiciK>j>hyll coll.H into the air spaces and out throiiuh tlie stoniutn. «Soli<i arm wh 
indicate liquid water; dotted arrows, water vapor. 

of outgo, a shortage of water will result in the fi.ssues, and the 
plant will suffer accordingly. 

Only a very small fraction of the water which enters the root 
hairs and pas.ses ui>ward to the leaves takes part in the manu¬ 
facture of sugar. The remainder becomes distribiite<i through 
the cells of the spongy layer and evaporates from their moistene<l 
walls, departing through the stomata as water vapor (F'ig. 62). 
A smaller amount may be evaporated directly from the surface 
of the epidermal cells (culicular transpiration). During the 
growing season a constant stream of water is thus passing through 
the plant body, entering at the root hairs and departing through 
the stomata. The total quantity of this water usually amounts 
to several hundred times as much as the final dry weight of the 
plant itself (Fig. 63). An actively transpiring grass plant may 
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give off its own weight of water per clay, and a com plant t^ice 
its weight in a week. It has been estimated that a good crop of 
corn will return enough water to the atmosphere during its growth 
to make a layer 11 inches deep over the field. A medium- 



Fto. 63.—Rato of transpiration. The amount of wator transpired from this 
rorn plant, during its growth and development, would under normal conditions 
Bll the barrel. 


sized elm tree has been found to transpire more than a ton of 
water per day; and an acre of beech trees, 30,000 barrels in a 
summer. For these larger plants, however, reliable measures 
of total transpiration are lacking because of the difficulty in 
determining total leaf area. 
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7'he Rate of Transpiration .—The rate of wat-er loss varies 
greatly according to the kind of plant, the soil conditions, the 
season of the j’ear, the time of day, and various environnientul 
factors. As a general rule, the rate tends to increase under 
conditions which favor increased evaporation, such jis high 
temperature, bright light, rapid air movement, and low humidity; 
and to decrease under environments of the opposite character. 

Transpiration is by no means controlled entirely by factors 
which influence evaporation alone. The rate of wate‘r loss from 
a given leaf surface and from an eciuul area of free water do 
not rise and fall exactly together, the transpiration from the living 
leaf sometimes being relatively higher and sometimes relatively 
lower. There must, therefore, be factors ^\^thin the leaf itself 
(a.s opposed to those in the external en\'ironment) which tend t(j 
accelerate or retard transpiration. 'I'he most important of these 
are doubtless the opening and closing of the stomata, which have 
already been discussed. C'hanges in the concentration of the 
sap in the mesophyll cells also probably determine to some 
extent the rate at which water evaporates from their surfaces. 

The actual amount of water transpired during the growing 
s(.^ason may be large or small, depending on the size of the plant, 
its loaf area, its transpiration rate, and the moisture and fertility 
of the soil. Of most significance to the plant, however, is not the 
actual bulk of transpiration but the efficiency of the plant in its 
water relations. This is determined by comparing the weight 
of the total water transf)ircd with the weight of the dry plant 
material produced, the quotient obtained through dividing the 
former ejuantity by tfie latter being termed the water require¬ 
ment of the plant. Thus, when it is said that the water require¬ 
ment of com under certain environmental conditions is 400, it is 
meant that for evcr>' gram of dry weight of com plant produced 
at maturity, 400 grams of water have been transpired through its 
leaves. Species vary markedly in their water requii’cments, 
and so do plants of the same species when gro\m under different 
environments. 

The Significance of Transpiration .—Excessive water loss is an 
ever-present danger to land plants, and many structural modifica¬ 
tions have been developed by various species, or may appear in 
particular individuals growing under dry conditions, which tend 
to reduce this loss. The question therefore arises as to whether 
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transpiration is an immixed evil, made necessary by the fact that 
the stomata must be open to allow the exchange of gases which 
takes place in photosynthesis; or whether it is really a function 
of the leaf and performs a useful part in the plant’s economy. 

It was long thought that water must be taken in through the 
roots in large cjuantities to insure an abundant absorption of 
nutrient materials from the soil, but a fuller understanding of 
the phenomena of osmosis and root absorption shows the fallacy 
of this conclusion. It has also been contended that transpiration 
is useful in concentrating the very dilute solutions of nutrient 
salts taken from the soil—“boiling them down,” so to speak. 
It. has been shown, however, that the factors which determine 
the entrance of nutrient materials into the plant preclude such 
an explanation; and, indeed, experiment proves that the amount 
of salts absorbed is practically independent of the amount of 
water transpired. Transpiration from the leaves, however, is 
evi<lently what causes the transpiration stream, or continuous 
movement of water from root to leaf through the lifeless ducts 
in the wood of the stem. This movement will be more fully 
considered when the functions of the stem are discussed, but it is 
well to note here that in this stream the dissolved substances are 
transported bodily from the central cylinder of the root upward 
through the plant as far as the ramifications of the wood extend. 
I'his movement is probably far more rapid than would result 
t hrough diffusion from cell to cell; and in tall plants, particularly, 
the transpiration stream may perform a distinct service in dis¬ 
tributing rapidly throughout the plant the supply of mineral 
nutrients absorbed from the soil. 

Transpiration seems also to play some part in regulating the 
temperature of the leaf. The blade absorbs much more energy 
than it uses in photosjmthesis, particularly in bright light; and 
the excess, as heat, would at times probably raise the tempera¬ 
ture of the tissues dangerously were it not absorbed in evapo¬ 
rating water from the mesophyll cells. 

Transpiration is carried on primarily in the leaves but may 
occur in any other organs which are exposed to the air. Exces¬ 
sive loss of w'ater is often prevented in such regions by the 
development of cell layers with corky w’alls. 

Guttation.—Under conditions where transpiration is low but 
where the absorption of water by the roots is still active, such 
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high water pressures may be set up in the plant tissues as to cause 
rupture. This may be seen in the bursting of such soft-bodied 
fruits as tomatoes after a series of rainy days during their growtii 
period. In leaves this is prevented by the development of water 
pores, or hydalhodes, near the ends of certain veins, especially 
at the tip of the blade or of its marginal teeth, through wliieh 
liquid water may l>e forced in droplets when it accumulate.s in 
excess. This process of (juttalion is the source of much of tlie 
“dew” on grass in the early morning in summer, for at such 
time.s a droplet of water may be found exuding from the liyda- 
thode at each leaf tip. 


QUESTIONS FOR THOUGHT AND DISCUSSION 

173. Why arc loaves generally more variable in area than in tliickness? 

174. In leaves where the veins are much stouter than the thickness of 
the blade, they usually stami out on tlie ttnthr .side of the leaf ami thus 
leave the upper surface .smooth. What are the advantages to the 
plant of thi.s arrangement? 

176. For plants of temperate climates, of what advantage and of what 
disadvantage is it to shed their leaves in the winter? 

176. The leaves of evergreen trees do not remain permanently on tlie 
tree, but each year’s croj) lives only a few seasons ami then drops off. 
Why should these leaves not continue to live and function iiulelinitely? 

177. The upper epidermis and its cuticle are almost-always thicker 
than the lower. Explain. 

178. The cells of the leaf epidermis usually have transparent walls ami 
a colorles-s cell sap. Of what advantage is this to the plant? 

179. How do you explain the fact that the palisade layer is next the 
upper surface of the leaf ami the spongy layer next the lower? 

180. Of what advantage i.s it for the colls of the pidi.sadc layer to be 
elongated at right angles to the leaf surface? 

181. Name at least two advantages which the plant derives from 
having its stomata more abundant on the lower surface of the leaf than 
on the upper. 

182. Why are stomata usually absent on the leave.s of submoi-sed 
water plants? 

183. Why docs wa.shing the leaves of house plants often improve the 
health of the plants? 
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184. In cities where soft coal is burned and there is thus much coal 
dust in the air, all trees suffer, and evergreen trees, in particular, find it 
very difficult to live. Explain these facts. 

186. What advantage is there in having a large internal surface in 
tiio leaf exposed to air as compared to an equally large external surface 
such as might be obtained from folds or convolutions? 

186. In wlmt ways is the supply of carbon dioxide in the atmosphere 
being replenislied? 

187. Do you think that the continual removal of carbon dioxide from 
the atmospliere by green plants through photosynthesis will reduce the 
amount of that gas whicli is present there? Explain. 

188. The groat deposits of coal formed in the coal period, millions of 
years ago, have sometimes been cite<l as evidence that carbon dioxide 
was much more abundant in tlio atmosphere then than now. WTliat 
basis is there for .such a conclusion? 

189. As the carbon dioxide in a leaf is removed by photosynthesis, 
wliat causes a fresh supply to enter through the stomata from the 
outside air? 

190. Oxygen is very much more abundant in air than is carbon 
tlioxide, yet the latter enters the stomata more rapidly than the former. 
Explain. 

191. In some greenhouses the plants are "fertilized” by pouring 
carbon dioxide from a chimney into the air around the plants. Why 
does this increase plant grondh, and why is it usually impracticable out 
of doors? 

192. The fact that carbon dioxide is more soluble in cold water than it 
is in warm has been cited as one of the reasons why seals, walruses, polar 
bears, and even Eskimos are able to thrive so far north. Explain. 

193. The use of organic manure increases the production of carbon 
dioxide in the soil. How may this be advantageous to plants? 

194. Why does the intensity of green color in its foliage provide good 
evidence as to the health of a plant? 

196. In variegated leaves, the areas free from chlorophyll are not so 
well developed as the green areas. Explain. 

196. The stems and leaves of parasitic plants, such os mistletoe and 
dodder, are either very pale green or some other color than green. 
Explain. 
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197. Why do autunjn loaves and dying leaves often turn yellow? 

198. When cows are turned into fresh pasture in tlic spring, tli«ir 
butter turns a deeper yellow. Explain. 

199. It has been found that animals often thrive better on yellow corn 
than on white. Explain. 

200. In order to “bleaeh ’ celery plants, gardeners cover them with 
earth or wraj> them in paper. Why is this practice effective in .sccurijig 
the desired result? 

201. How far are the following statements true, in your opinion? 
“The l«»wer leaves of a plant usually have longer petioles than the 
upper ones 

(1) because they arc older; 

(2) because they have larger leaf blades; 

(3) in order that the blade may be better exjmsed to light; 

(4) because they get les.s light.” 

202. Opposite leaves are u.sually broader than spirally arranged ones. 
Explain. 

203. Why i.s it easier to maintain a lawn under elm.s or apple trees 
than under maples? 

204. In just what part of the crown of a tree are most of its leaves 
borne? Explain. 

206. Wliy do the lower limbs of a tree growing in the forest usually 
die? 

206. Many plants arc able to thrive in relatively deep shade on tlic 
floor of the forest, where the lower limbs of the fore.st trees have long 
since died. IIow can this be? 

207. Seedlings of most forest trees will grow on the forest floor in 
rather deep shade, but the lower limbs of mature trees of the same 
species, if .subjected to similar light conditions, will soon die. Of 
what advantage to the plant is this difference between young and old 
individuals? 

208. Most of our woodland wild flowers (herbaceous plants which 
grow on the forest floor) thrive and blossom in early spring and often 
die away during the summer. Explain. 

200. Aside from the fact that the quantity of light is reduced, what 
other difficulty as to their photosynthetic activity do plants face when 
growing in the shade of trees? 
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210. Ix*avos exposed to bright sunlight are usually thicker than those 
growing in the shade, even on the same plant. Explain. 

211. Plants in greenhouses in the winter rarely grow as rapidly as 
they do out of doors in the summer, even if the temperature is the same, 
hixfilain. 

212. Why do most plarit.s grow faster in June than later in the sum¬ 
mer. even if there is no difTerence in teiui>erature or rainfall between the 
two seasons? 


213. Crops are necessarily planted much later near the northern 
limit of their range than farther south, but in many eases their growth 
rate is so much more rapid that they reach maturity almost as soon. 
Explain. 

214. In the North »Sea fisheries, it has been found that the size of the 
s<*ason’s catch t>f fish tends to be greater in seasons when there has been 
much sunshine tluin in seasons which have been relatively cloudy. 
Explain. 


216. Will a plant thrive better in red light or in green? ICxplnin. 


216. Some plants (such as the fungi) are able to thrive in the absence 
of light. What other imjjortant physiological differences must there be 
between these and ordinary green plants? 


217. Of what advantage is it to the plant to have the sugar which is 
produced by photosynthesis converted rapidly into starch? 


218. It is sometimes sai<l that forests tend to “purify the air.” Wliat 
basis in fact (if any) is there for this statement? 


219. Why was it, do you think, that in some of Priestley’s experiments 
the green plants which he used failed to “purify” the air? 

220. Why do animals in an aquarium thrive better if green water 
plants are growing there? 

221. If a spectrum of white light is thrown on a filament of green 
alga which is otherwise in the dark, and if bacteria are present in the 
water around the alga, it has been observed that these bacteria will tend 
to gather more abundantly around those parts of the algal filament 
which are illuminated by the red light and the blue light than they do 
elsewhere. Explain. 

222. Algae and other submersed water plants will often rise to the 
surface of the water in sunny weather but sink below it in cloudy weather. 
Explain. 
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223. ^^’7uch do you think will be worse for a tree, the loss of half of 
its branches by an ice storm or that of all of its leaves throush an insert 
attack? Explain. 

Note. —Hy the term drytceight is meant tlie weinht of all the material 
in a given body except its water. It is usually determiiieil in the 
laboratory by drying the material in an oven at about I00'"('. 

224. Will the dr>* weight of a leaf ordinarily be greater in the morning 
or in the late afternoon? Explain. 

226. Would you expert seedlings grown in the flark to increase in 
actual weight? In dry weight? Explain your answer. 

226. ^MIy are the leaves of parasitic plants usually very small? 

227. How are submerse<l water plants able to rarry on photosyti- 
thesis? 

228. Give at least three reasons why trees often fail to thrive in a city. 

229. Some crop.s prcaluce a much larger amount of dry weight per acre 
than others. Explain how this can be. 

230. The potato beetle does not attack the potato tuber but eats »)idy 
the foliage of the potato plant. Why <loc.s it harm the crop? 

231. Why iloes repeatedly cutting f>ff their tops finally kill persistent 
perennial weed.s? 

232. Which should be kept iimwii more closely, a newlj’ seedeil lawn <n- 
an old one? Explain. 

233. Should lawn gra^s, when cut, be raked off the lawn or not? 
Explain. 

234. State two rcason.s why a garden planted near a .shade tree i.*' 
likely to be un-satisfactory. 

236. Criticize the following Btatcmcnt: “The fact that when a plant is 
placed in a dark room starch disappears from its leaves proves that 
light Ls essential in photosynthesis.” 

236. Since crop plants differ so much in photosynthetic productivity, 
why are the less productive ones grown at all? 

237. If the photosyntlietic efficiency of the leaves of a given crop 
plant is 3 per cent, does this mean that 3 per cent of the light energy 
falling on the plant will be available in the harvested crop? Explain. 
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238. Why is it that forests produce more plant material each year 
per acre than do most agricultural crops? 

239. What sources of energy, other than those from living or fossil 
plants, are now important or may bec-ome so in the future? 

240. In what way is the j)hotosynthetic activity of the host of tiny 
plants in the sea utilized by man? 

% 

241. From j'our knowledge of osmosis, e.xplain why it is that “the 
amount of salts absorbed is practically independent of the amount of 
water transpired by the plant.” 

242. Just where in the le^if does evaporation take place during the 
process of transpiration? 

243. Wlint makes water leave the c>'toplasm of the spongj'-layer cells 
(or any others) and wet the cell walls? 

244. Why i.s it that the air in the air spaces of the spongy layer of the 
leaf does not become so .saturated with moisture that evaporation, and 
consequently transpiration, will no longer take place? 

246. In general, the faster a plant loses water through transpiration 
the fu.ster it will absorb it from the soil. Explain. 

246. Transpiration is sometimes measured by cutting off a shoot (or 
leaf) and determining how fast water is absorbed by it. What are the 
advantages and the disadvantages of this method? 

247. Why docs transpiration take place faster in wind tlian in still 
air? 

248. Why do florists usually water the walls and walks of a green¬ 
house as well ns the plants themselves? 

249. Why does a plant wilt if its water supply fails? 

260. Some plants wilt much more readily than others. What factore 
may be responsible for this difference? 

261. Young and growing parts of a plant are usually the first to 
show signs of wilting. Explain. 

262. Why is a wilted plant unable to carry on its functions as well as 
one that is in a normal, turgid condition? 

263. Why does a plant sometimes wilt on a hot day even though the 
soil in which it is growing is abundantly supplied with water? 
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264. Why docs a plant which has wilted in the daytime usually 
revive at night, even though no rain falls? 

266. The stomata often tend to close in the middle of a hot day. Why 
is this, and how is it of advantage to the plant? 

266. Some plants, like certain cacti, tran.spire fa.ster at night than 
in the daytime. Exidain. 

267. Do stomata tend to open or clo.se if the leaf is exposed to light? 
Explain. 

268. Wliy will cut flowers remain fresh longer if they have hecii 
placed in water for a few hours directly after being picked? 

269. Do you think that the water requirement of a plant will be 
higher if it is grown oti ri< h soil or if it is grown on poor .soil? Explain. 

260. As.«uming that the water reciuirement of corn umler a given set of 
conditions is 400 ami that a bucket holds 10 liters, how many buckets of 
water have i)a.s,'ie<l by transi)iration through a corn plant the dry weight 
of which is 200 gniins? 

261. CJiven the same comlitions as in the previous cpjestion, assume 
further that three such corn plant.s are planted in each hill ami that the 
hills arc 1 meter apart each way. If all tin? water whi»'h passes through 
those j>hmts by transi)iratio>j during the sea.'^on <'<>uld be collecte<l, how 
deep a layer would it make over the surface •>{ the fiehl? 

262. Why do ])hints generally grow faster in wet weather than in dry? 

263. It ha.s been found that the stomata of willow leaves u.sually 
remain permanently open. What relation can you suggest betw(*en 
this and the fact that willows usually grow in damp soil? 

264. How do you reconcile the fact that plants grow faster at night 
than in the daytime with the fact that light i.s nccessaiy' for the n\anu- 
facturc of food? 

266. Evergreen trees often suffer from “wind burn” in early spring, a 
part or all of their branches dying and turning brown. They rarely 
suffer from this cause earlier or later in the season. Explain. 

266. Give two reasons for the fact that plants grown in the shade are 
usually more tender than those grown in bright sunlight. 

267. Tobacco growers sometimes cover their plants with cheesecloth 
tents. \\'hat effect do you think that this has on the structure and 
activity of the tobacco leaves? 
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268. ^^^ly is early spring better than summer as a time to transplant 
(reos? 

269. Why is it better to transplant on a cloudy or rainy day than on a 
Itright one? 

270. Why is it advantageous to cut off the outer leaves of young 
plants before tlansplanting them? 

271. If half of tlio leaves on a plant were removed, what effect do 

vou think this would have on the amount of transpiration from the 
% 

remaining leaves? 

272. If it is necessary to transplant trees during the summer, why 
should they fii-st be vigorously pruned? 

273. Why will potatoes in storage lose weight much faster after 
sprouts have grown out on them? 

274. Criticize the following statements: 

1. “Transpiration is useful as a means of getting rid t>f waste 

material.” 

2. “Transpiration reduces ti)e temperature of the plant.” 

3. “In transpiration the water pa.ss€s out of the stomata as 
little droplets of liquid.” 

4. “ Tran.spiration takes place in order that photosynthesis 
may be possible.” 



CHAPTER \ I 


THE STEM AND ITS FUNCTIONS 

Tlie root, which ab.sorbs water and inineia! nutrientrs from the 
.soil, and the leaf, which carries on the manufacture of food, are 
the primary vegetative organs of the plant. A lliird member, 
the stem, connects these two. It forms a conspicuous feature of 
most plants and in woody species constitutes the large.st portion 
of their bodies. Its functions, though in a sense secomlary to 
the major activities mentioned above, arc nevertheless essential 
ones. It supports the leaves, di.spo.sing them in situations faviu- 
able for the carrying on of photosynthesis; and it serves as a 
highway f(jr the transportation upward of wator and mineial 
nutrients from the root .system to the aerial portion of the plant 
and for the transportation of inanufacturtHl f<jod from the leaves 
downward to regions where it is to be consumed or .stoied. 
The stem also holds up tin? flowers and fruit in favorable positions 
and conducts to them the materials necessaiy for their giH)wth. 
In addition, it frecpiently serves as a place of food storage, and 
it maj' become variously* modified for food manufacture, water 
storage, dispersal, reproduction, and other functions. Tin? stem 
system and leaf system together constitute the .shoot. 

The External Structure of the Stem.—The sU‘m disjjlay.s a 
wide range of variation in size and in e.vternal structiire acronling 
to the habit or growth form which the plant a.ssumes. hi herbs 
(Fig. 61), where the whole shoot dies back to the ground during 
sexsons unfavorable to growth or at the completion of a life eycle, 
the stem i.s comparatively slender and soft in texture, witli little 
corky bark and a fibrovaseular .system not strongly developed. 
In plants with perennial above-ground structures, however, it 
grows thicker from year to year and develops into the stout and 
woody axis characteristic of shrubs and trees. In a shrub 
(Fig. 65) the stem is comparatively short and slender and tends to 
branch freely, even close to the ground. In a tree (Fig. 66) it 
grows taller and is developed for some distance into a main stem, 
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cantor-bean j)lant, wliicli is an annual licnb in Icmporale rollons, 
develops into a stout woody plant in the tropics; and species 
^chich are trees in the lowlands may become dwarf slirubs on a 
mountain side. 

Evidence from several sources leads botanists to believe that 
among the seed-bearing plants the primitive forms were ones 
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witli woody and tliat the ln‘id»ace<)ii> tvpt* from tlu*>c 

woody ance-Stoi" in adaptation tt» llif’<'oiniii^ oj codl-tr-jiiixMat**. 
climatic conflitionv. J^y rcduciii" it.> >t.m -izc and -lioi icnitiir its 
period of pr(»\\t}i tlir hcti) is :d»lc to Coniplfic hiC cycle in a 
short ‘irowin*: season, smvi\inn the winter un-iei'ironml or in 
tin- form of i(-sistant '■feds. 



Jl<i. A j'hrijtK 'I'ho lilj<‘ (Si/rino^ t . 


I^tnf Arranfjemetil. —The chief function of (lie .stern is to s(M'vo 
a« an axis along whii-h Icates may be supp(*rte«l in faNorabh; 
positions for plujtosynthesis. In lierl)aceoiKs stems the entire 
structure bears heaves, but in woody ones these are confiiu'd 
to the growth of the last few years, an<l in dccAduoiis trees and 
shrubs, which lose tlieir leaves every fall, leave.s are present only 
on the growth of the current season and are absent from llie 
entire stem in the winter (Fig. 07). They are cut ofT without 
injury to the stem by growth of an abscission layer of corky cells 
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across the base of Ihe petiole just at the point where it is attached 
to the stem (Fig. 132). This finally causes the fall of the leaf 
and seals the wound thus produced. The position of the leaf scarn 
on a wootly stem thus indicates the former distribution of loaves 
upon it. 

That point on a stem at which a leaf is attached is termed a 
node: and the space between two no<les, an internode. Nodes are 


Fi<.. (U». -A tree. The slia{tl)ark hirkory (Cari/a oratn). {Coiirlrsi/ of Unilcl 

States Forest Service.) 

centers of growth activity in stems, for here, under ordinary 
conditions, arise most of the buds (and thus the branches), and 
when adventitious roots develop they usually grow out most 
abundantly at the nodes. The internodes vary greatly in length 
depending on the type and position of the stem and on various 
environmental factors, especially light. 

The points of attachment of the leaves to the stem are by no 
means at random but follow cextain definite types of arrangement, 
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or phyUofaxy, which tend to result in a favorable exposure of 
the foliage to the light, \^'he^e there are two leaves at a nofle, 
these are exactly opposite (Fig. 70) each other, but the plane in 
which they He is at right angles to that of the pair next above and 
the pair next below, so that there is the minimum amount of 
shading. There are sometimes more than two leave.s at a node. 



57.—A woofly twig of cherry in MUinnier condition (/I) antj winter condition 
(/i). The t)U»iH arixe in tUv angle b«*twecn leaf and stem. 

arranged in a whorl, the mtmibers of which are evenly spaced 
around the stem. 

Much commoner than the oppo.site or whorled type of phyllo- 
taxy is that where only one leaf arises at a node. In such cases 
successive leaves are approximately alternate (Fig. 67) in their 
arrangement. They are rarely separated by 180°, however, but 
by a somewhat smaller angle, so that their points of attachment 
form an ascending spiral around the stem. The character of this 



14(i 


BOTANY: PRINCIPLES AND PROBLEMS 


spiral is surprisingly constant and conforms to only a few types, 
('ommonest among these is the case where the spiral beginning 
at a given leaf passes twice around the stem and through the 
points of attachment of five leaves before it includes another 
leaf tiirectly over the first one. Thus, there are five vertical rows, 
or ranks, of leaves along the stem, separated by angles of 72°. 
If the number of complete turns in such a spiral is made the 
numerator of a fraction arul the number of leaves in it the denomi¬ 
nator, this type of phyllotaxy may be represented by the fraction 
'^ 5 , which also represents the fraction of the stem circumference 



Flu. (58.—DiuKinm of a leafy 2 )teiii 
viewed from the tip, nho^ng a 5 ^ 
phyllotaxy. 



Fio. (39.— A diuffrafu similar to 
that of Fig. (38 except that the inser¬ 
tion of the petioles on the spiral is 
shown and that the phyllotaxy is ^ , 3 . 


by which one leaf diverges from the next. The ^ type is also 
common, and here every third leaf is in the same row, and the 
spiral passes only once around the stem. Plants with exactly 
alternate leaves, and thus \nth the fraction are much less 
common. The next most complex type above the % is repre¬ 
sented by the fraction (Fig. 68); the next, by ^3 (Fig. 69); 
the next, by \ and in very complex axes like pine cones and 
sunflower heads, fractions of and may be found. It is 
noteworthy that types of spirals wth other numerical relations 
do not occur save where abnormal twisting of the stem modifies 
the original arrangement. Each species, and often a whole 
family, adheres constantly to a single type of phyllotaxy. If the 
members of a series are arranged in order, it will be observed 
that the numerator of each successively higher fraction may be 
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— Latera/ 
Bud 


Intemode 


obtained bj” adding the numerators of the two next below it and 
that the denominator maj' bo obtained 
by adding the denominators of these. 

The angle between two succes^sive leaves 
tends to become constant in the ascend- 
iug stoics of phyllotactic spirals (there is 
little difference in size, for example, bo- 
tween the fractions ^ 21 , 

and and to approach an angle of ft 

137^®. This series, technically known Ip 
as a Fibonacci series, has excited much Rl ./ I 

interest among botanists but is appar- Ifi ■ J 

ently to be explained by certain geomet- jfij'- ‘ j 

ricaliy necessary relationships between K • 

leaf primordia at the growing point. If’ . VIntemode 

Similar series occur in other natural V( . ; 

objects. K * j 

Surface. —Most young stems are green jl . | 

in color and carry on a certain amount l?i' I 

of photosynthetic activity. For a time 
they are protected by a typical epider- t • '''^Leaf 

mis, but in woody plants this soon is Scar 

replaced by a characteri.stic layer of IF> 

corky celks, the bark. The nece.ssary 
exchange of gase.s between the air and R]. 1 

the living tLssues of the stem takes place -Node 

through the lenliccls, small spots or strips 

where the bark tissue is softer and looser Scor of 

than elsewhere. In old woody stems the 
outer bark becomes much roughened and », 

cracked. K! • < 

Buds. —The growth of the stem in BV '*-Lenticel 

length and the development from it of E' .; 

lateral stems, or branches, take place Bundle 

only at certain definite points where the 
cells remain thin-walled and capable of 

active division. These specialized grow- Fio. 70 .—a woody twig 
ing points are known as buds (l^ig. 7U). chestnut). 

In most herbaceous stems, and in woody 

ones which grow continuously, these buds are not protected; but 


'> Leaf 
Scar 


Node 


V' 

|V! 


Scot of 
Terminal 
Bud 


— Lenticel 


Bundle 

Score 


Fio. 70.—A w'oody twig 
in winter condition (horso 
chestnut). 
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in perennial woody plants of temperate climates or otlier regions 
where there is a period of inactivity in growth, the buds are 
dormant for a time and are covered by stout and impervious 
hud scales. These arc similar in arrangement to leaves, and in 
some cases a series of transitional structures between bud scales 
and loaves may occur. Rarely, a.s in the dogwood, the scales 
themselves may develop into leaves when tlie ljud opens. Such 
buds arc termeti naked. In a few plants, like the beech, scales 
are modif'n'd stipules. The bud scale therefore seems to repre¬ 
sent a structure homologous with a leaf, but which has followed 
a very different course of development. The scales drop off 
when the bud develops, and the scars left by them may often 
be used to <letermine the number of growth periods through which 
the stem has passed and thus to compute its age. 

Buds may be terminal, developing at the tip of the stem and 
governing its elongation; or lateral, arising from the sides and 
(letermining the position of the branches. A lateral bud ordi¬ 
narily occurs at each node, arising from the upper angle between 
leaf and stem, a point known as the axil of the leaf. Such buds 
are often called axillary buds. Under certain conditions, usually 
following the injury or removal of the ordinary terminal and 
lateral bud.s, adventUious buds may develop from almost any point 
on the stem and may even sometimes make their appearance 
on roots or leaves. In most plants only a few of the buds 
ordinarily grow, the rest dying or remaining in a dormant state. 
There are often many dormant buds under the bark which are 
but slightly developed and nev'^cr grow unless stimulated by 
unusual conditions. 

Buds may differ in the structures which compose them. In an 
ordinary branch hud (sometimes rather inaccurately called a 
“leaf bud”) there is to be found a much shortened stem wth 
its tiny leaves attached, an entire young branch preformed and 
ready to grow. Flower buds develop into one or more flowers. 
Mixed buds contain both leaves and flowers. 

Most stems continue to elongate indefinitely, but in certain 
herbaceous plants’the terminal growing point ultimately pro¬ 
duces a flower or flower cluster, and the growth of the stem in 
length usually ceases at this point. In stems which branch, 
as in most herbs and all shiubs and trees, the shape of the whole 
shoot system is determined primarily by the number and arrange- 
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ment of these branches and by their rate of growth relative to 
each other and to the main stem. 

The Internal Structure of the Stem.—Tlje intern.al structure 
of the stem is usually more complex than that of the other plant 
organs, for its tissues perform the diverse functions of mechanical 
support, conduction of water, and contluction and storage of 
manufactured food and also provide for the continuou.s growth 
of the stem in thickness. 'I'hese functions are centered chiefly 
in the higlily .specialized fibrovascular system, whicli may lx* 
disposed in separate strands, or hutu/lr.'i (vajiously distributed), 

or may con.^ist of a hollow cylinder. Thi.s is directly continuous 

% * ^ 

witli the fibrovascular systcun of the root below (whicliordinarily 
is in the form of a solid cylinder) and with the veins of the petiole 
an<l leaf blade above. It C()n>i.<t.s, as el.sewhcre in the plant, 
of two major tissues, the wood, or ryUm, concerned chiefly 
with mechanical support and the conduction of water; and the 
phloem, concerned chiefly with the conduc'tion of manufacture<l 
food. The fibrova.scular .structures arc embe<.lde<i in the funda¬ 
mental ground tissue of the .stem, which ordinarily shows but 
little dilTercntiation and functions chiefly as a seat of food storage. 
Outside the whole is the cpiflcrmis, replaced at an early stage by 
a zone of corky hark. The.se various ti.ssues reach their greate.'Jt 
dilTercntiation and complexity in the .stem and therefore can 
be more profitably studied in detail in connection with this 
organ. 

The .stem type characteristic of gymno.spermous plants and 
of that portion of the angiospermou.s ones known as the dicotyle¬ 
dons (plants with two cotylerlons in the seed and netted-veined 
leaves) is probably the primitive form for the higher plants and 
differs so markedly from that of the monocotylcdon.s (plants with 
a single cidyledon ami parallel-veined leave.s) that the two types 
^\^ll be described separately. 

Woody Stems.—The arrangement of ti.ssues in a three-year- 
old stem of a woody dicotyledonous plant is shown here in cross 
section (Fig. 71). On the outside is the corky bark, beneath 
which lies the cortex, varying in thickne.ss but rarely occupying 
as prominent a place in the stem as it does in the root. Beneath 
this, in turn, is the tubular fibrovascular cylinder, consisting 
of xylem within and phloem without and showing (in this stem) 
three well-marked annual rings. The core of the cylinder is 
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occupiofl by t)ie pUh, which much resembles the cortex and. 
like it, is a part of the ground tissue of the stem. 

Tlic more detailed structure of these tissues is shown in Fig. 72 
which is a pojtioii of the fil)rovascular cylinder in Fig. 71, much 
enIarg<Hl; and in I-'ig. 73. which is tl)is same region as it apj>ears 

if cut longitudinally along a 
radius of tlic stem. 

Protective. J^aycrs .—The epi¬ 
dermal cells resemble tliose of 
tlio leaf epidermis and retiuirc 
no special comment. In stems 
which are growing in thickness, 
however, the epidermis is soon 
sloughe<l olT, and its protective 
function is assumed by a layer 
of corky cells formed directly 
under it and constantly renewed 
by the activity of a cork cam- 
hium, or pheUogen. In these 
bark cells the protoplasm soon 
disappears, and the normal cell- 
ulo.se wall becomes corky, or 
suhvrized, and is thus rendered 
almost impermeable to air or 
water. The lenticeh (Fig. 74) 
are small areas in this corky 
layer where the cells are some¬ 
what loose and spongy and thus 
allow a small amount of gaseous interchange. The term bark 
is often loosely used to designate all the tissues lying outside the 
wood. 

As the stem grows in width the outer bark splits, but a new 
cork cambium is developed under such a fissure, in the cortex or 
old phloem, so that the continuity of the corky layer is main¬ 
tained. Old bark thus tisually consists of successive layers of 
cork and of old, dead phloem tissue; but its outer portions.usually 
split off and fall away. The manner in which this occurs, whether 
in transverse strips, as in the birch, in irregular flakes, as in 
the sycamore, or in long shreds, as in the shagbark hickory, is 
responsible for the characteristic appearance of the bark of 





71. Trailsvorso sortioii of a 
ihrco-yoar-old twije of the tulip tree 
{Liriof/nulroh). This i« a typical 
wo^nly stem. The fihrovascular cylin* 
dcr consists of a noMd ring of wood 
within and phloem without, surround¬ 
ing n central pith. 
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different species of trees. In only a few trees, notably the 
Spanish cork oak. does the bark over attain any great thickness. 

Cortex ami Pith .—The cortex and tlie pitli are very similar in 
constitution. Their cells are largely parenchyma, roughly 
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Fio, 72.—A portion of i*i«. 71 inoro highly maKuified. iiicludicig part of one 
of the Acgrnenta l>otweon two wood rayti. The Ia3t annual ring of wood, together 
with one of the groups of phloem cclU, ib included. 


spherical in shape, retain their cellulose walls, and function 
chiefly in the storage of food. The outer cell layers of the cortex 
often consists of collenchyma. In older woody stems the pith 
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usually dries up and collapses; and the cortex, cmshcd by the 
expansion of the wood underneath it, is finally sloughed off. 

Endodcrmia and Pcricrjclc .—The innermost cell layer of the 
eorti'x, or cndodcrmh, so eonspieuous in the struelure of the root, 
is often absent or at least indistinguishable from the other cortical 

Cambium 

I 

U'ooJ \ Phloem 



Fig. 73.— Hatliul Inimituilinul :$ortioii of wood and phlootn of the tulip tree, 
r*ut through tho ic*^on t^iioxvii in Fig. 72. At the left is tho wood and ut tlie right 
the phloem, with the ciirnhium between. The ladderdiko tnarkiiigs in the vessels 
arc the end walls of the vessel oells, and tho small elliptical markings arc pits in 
their side walls. Tho ends of the sieve tubes are occupie<l by sieve plates. 


cells. It may sometimes be recognized by a weakly developed 
Casparian strip (Fig. 47) of suberized material. Frequently, too, 
the endodermal cells arc packed with starch grains even when 
adjacent tissue has none. 

The outennost layer of the vascular cylinder, between the 
endoderinis and the phloem, is known as the pericycle. In the 
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Mem this is often (litlienlt to distinguish from adjacent 
It freciuentU- in< liirles groups of thick-walled tibors which 
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— Phloem Fiber 
-- Companion CeU 
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scalteicd irregularly or lie opposite the buiulles of phhxuii 
libers, which thcry resemble. 'Fhe rest of (he pericycle tissm* is 
parcuichyma. 

Phloem (Figs. 75 and 7G).— 

The 111)r(nais( ulai-cylinder iscorn- 

txjsed of t wo major t issues, t )n 
the outsi<le is the phlotm, the 
function of whi<-h is to trans¬ 
port the elaborated ftjods—the 
carboh\'drates, fats, anrl proteins 
—from one part <if the plant to 
another, especially from regions 
of manufacture to those of stor¬ 
age or consumption. 'I he cells 
concerned in this process arc the 
fifcrc lubeti, tdongated li\ ing cells with cellulose walls, unique in 
their lack of a nucleus. In walls between two sieve tubes occur 
small perforations, or sieve pits. These are different from the 


Fi<j. 75. — TratiHvtTso soctiou 
Oirou^h a portion ni th<^ phloem of 
the tulip tree, highly maguified. 
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pits common in most cells, for they pass through the middle 
lamella as well as the secondary wall and make possible the direct 
continuity of threads of cytoplasm from one sieve tube to the 
next, thus allowing materials to pass from cell to cell without 
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Fio. 70.—Longitudinal sections through the phlooni of the tulip tree, highly 
magnified. At left, a radial section, whore the obliQue end walls of the sieve 
tubes, with their sieve plates, appear in face view. At right, a tangential section 
through a sieve tube and its companion cells, with the end walls and sieve plates 
seen in section. 


difTusing through cytoplasmic membranes. The sieve pits 
are grouped into small areas, the sieve plates, where the secondary 
wall is thin or absent. In the gymnosperms these occur scattered 
along the entire wall of the sieve tube (Fig. 78), but among the 
woody-stemmed angiosperms they are confined to the end wall, 
which is oblique, with its broad face lying nearly in the radial 
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plane. The presence of a series of elongated sieve plates in this 
wall, separated from each other only by a bar of thick .secondary 
wall, often produce.s a ladder-like, or scalan'fonn, appearance. 
In herbaceous stems the end walks of the .sieve tul)es are usually 
square acros.s, at right angles 
to the length of the (*ell. and 
are abundantly proviiled with 
sieve plates {Fig. 77). 

In the higher .seed-bearing 
plants there isadjacent toeach 
sieve tube a small companion 
cell, provided with an abun¬ 
dance of cytoplasm and a nu¬ 
cleus. In addition to thesr? 
two types, groups of very long 
and thick-walled cells, the 
phloem fihcr.H, s(‘r\’ing as a 
mechanical protection for the 
thin-walled sieve tubes, char¬ 
acteristically occur in the 
phloem, and some parenchyma 
is usually present there akso. 

The rays extend across the 
cambium into the phloem, 
w'here they are often much 
expanded laterally. In the 
stems of conifers and some 
other gymnosperms the mar¬ 
ginal cells of the rays (those 
at the upper and lower edges 
of the ray) are extended 
lengthwise along the adja¬ 
cent sieve tubes and seem to 
function as companion cells, 
which are otherw’ise lacking 
(Fig. 78). 

Xylem .—The inner portion of the fibrovascular cylinder con¬ 
sists of the wood, or xylem, which provides mechanical rigidity 
for the stem and transports the stream of water and dissolved 
substances from root to leaf. As essential elements in the 



Fici. 77.—Plilocm eitructuro in an 
herbaceous stem. A, ionicitudiiial sec¬ 
tion through the sieve tul>o of the 
squoMh, with its companion cell ond 
portions of the adjacent hiovo tul>es 
Above and below. The sievo plates uro 
shown in Hoeijon. D, trnnsvenie Aoction 
through sieve tube and companion cell. 
C, tratisvcrKO section showing end wotl 
and sieve plates in face >'iow. 
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xvlcm are found cells which arc much elongated parallel to the 
main axis of the stem and in which the cellulose walls have 
become very thick and lignified (Fig. 79, A-E). As soon as 
one of these cells is fully developed it dies and its protoplasmic 
contents disappear, so that only the tliick, woody cell wall is 
left. The pits which occur in the wall and facilitate the passage 
of water through it arc much more complex than arc the simple 
pits of parenchyma cells and are termed bordered pits. The 



Fin. 78.—Radial ecction, highly magnified, through the outer xylom and inner 

phloem of a pine stein. 

secondaiy wall, instead of adhering to the middle lamella, is 
pulled away from the latter on opposite sides of the pit, forming 
a double chamber or border, with a small pore in the middle of 
each side. The middle lamella continues across the border like a 
diaphragm and has a thickening, or torus, in its central portion. 
The characteristic appearance of double-bordered pits in face 
view and in section is shown in Figs. 19 and 93. The function 
of these structures is not clearly understood, but they occur 
universally in the dead and lignified cells of the xylem and 
undoubtedly facilitate the passage of water through it. 

In simpler kinds of wood, one type of xylem cell is able to pro¬ 
vide both the necessary rigidity and the conductive capacity and 
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is known as a Irachcid. In the liighcr forms, however, this simpli* 
element has become specialized in two directions and has given 
rise to long and very heavy-walled colls, the wood fihcrs. in whi<-h 
almost no cavity remains and which contribute a high degree of 
mechanical strength to the wood; and to vessel cells, or tracheal 



A 


Fio. 70.—Types of colU found in woo<l. fiber; /i, trachciJ; C, vcascl cell 
with laddor*like end wall; D. ve»»cl cell with completely oi>en or porou9 end wall; 
fit very i^liort, broad vcttael cell; P, two ray ccll»; G, two vortical wood-paron- 
cbyina ccIIh. 


cells, much shorter, with wide cavities and walls which are 
comparatively thin and are provided with large perforations 
in their ends where the middle lamella has entirely disappeared. 
These cells, distributed end to end in vertical rows, constitute 
the ducts or vessels, so characteristic of the wood of many plants, 
which carry the ascending stream of water through the stem. 
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'I'hcy are of several types. In the lover angiosperms, like 
magnolia, the vessel cells are still much longer than they are 
wide, and their end walls are oblique (Fig. 79, C) and broken 
into a series of scalariform perforations, which still show some 
resemblance to borilered pits. It is easy to see how such a cell 
has arisen from a tracheid. In slightly higher types (like the 
maple) the vessel cell has this same general shape, but its end 
>\al! is pierced by a single perforation, or pore (Fig. 79, D). 
In the most specialized types of stems, like that of the oak, the 
modification is even more extreme, for the vessel cells are much 
wider and shorter, and tlie end walls instead of being oblicpic are 
transverse and have a single large pore (Fig. 79, E). In a row 
of vessel cells placed end to end the cellular structure is often not 
conspicuous, and there results a single long duct well adapted 
to the passage of a considerable column of water. The side walls 
between adjacent vessels are provided with bortlered pits. 

Farenchyma cells sometimes occur among the lignified ele¬ 
ments and like them may be elongated vertically (Fig. 79, G). 
Otlier i)arcnchyma cells are elongated at right angles to the axis 
of the stem (Fig. 79, F) and are dispersed among the woody cells 
in horizontal bands, or ribbons, running out through the xylem 
along the radii of the stem. These structures are known as the 
tvood rays and in somewhat modified form extend also into the 
phloem. They facilitate the horizontal transfer of materials in 
the stem and are of particular importance as centers of food 
storage. In the simpler types of wood they are only one cell tvide 
(in the dimension along the radius of the stem) and a few cells 
liigh. In specialized woods like the oak they may become huge 
structures, dozens of cells wide and several centimeters high. 
The cellulose walls of ray cells are often rather thick and are 
then provided wth simple pits where they communicate with 
other ray cells. Where a ray cell is in contact with a tracheid 
or vessel the pits between them are simple on the side of the ray 
and bordered on the side of the lignified cell. 

The protoxylem, or first-formed wood, in which the lignified 
portion of the secondary wall is not complete but occurs in rings 
or spirals (Fig. 80), lies on the inner surface of the wood, next the 
pith. This is termed an endarch distribution and is exactly oppo¬ 
site to that occurring in the primary wood of the root, where it is 
on the outside of the older wood and termed exarch. 
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Cambium. —A narrow layer of tliin-wallctl colls, the combiinu. 
separates the wood from the ))hlo<‘m. *l'hr<m^li its arfi\'ily new 
colls are added to the outside of the wood and the insi<h‘ of the 
oom. and the thickness of tiu* .''tern tlu’rchx' is increased. 

7 • 

Among woody plants such growth C(;ntinuc> from >’ear to year 



and ea<'h season’s increment. 


an aiiti uni riutj. is easily I'ecognizable. 


The great bulk of older wood>' stems are tliosi’ proiiiK'cd l)y 


cambial a<*ti\itv ami this tissue is called roudnr!/, in contrast 



Fjo. 80.— Pr«*tox,\ lout lUid in<aax> I^-m. LoiijrHu«liiial sei tion IhrouKti iljw 
inner portion of the xylcin of a ^^onl. stiowiriK At the Jeft the first-foiiiie<t xyleni 
elonicnts, in which tt»e ncr«m<lar> ttiickcning of tlje wall is in the form of rinss or a 
(■pirui. in cells that ditTeronliuied later the Hpirtil is closer, unci in tl»e metiixylom 
cell at the ri^ht tho unlignified areas are now pits. 

to the relatively small i)ortion—the pith, cortex, and first- 
formed xylem and phloem—which insteiul are produced by the 
terminal growing point in the bud as tlie young stem is formed, 
and are thus termed primary. 

CounectioTi btlwecii Strm arul I.^caf .—At each node a small hut 
complete segment or scries of segments of the fibrovaseular ring 
separates from the rest and passes out through the cortex into 
the base of the petiole as a leaf tract-, causing a break, or leaf gap, 
in the ring. Into each leaf may enter one, three, five, or more of 
these traces, often from separate gaps, and these are destined to 
pass upward through the petiole an<l to form tlie system of veins 
in the blade (Fig. 81). The number of leaf gap.s at a node is 
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constant through large groups of plants. Thus the Fagaceac, 
Itosacoao, Saxifragaccac, and Compositae tj'pically have three 
gaps, oi‘ arc Irilacunar, wiu’ioas the great order Poleinoniales, 

which includes the Nightshade, Figwort, 
and Phlox families, have only one, or arc 
u nilacunar. 

Herbaceous Stems. — The perennial 
woody stem in which the fibrovascular 
cylinder, as seen in cross section, forms a 
continuous and rather wide ring (except 
for the leaf gaps), and which receives addi¬ 
tions in thickness year by year through 
cambial activity, is probably the most 
ancient stem type among seed plants; and 
tl)e herbaceous condition, where the stems 
are much softer and shorter-lived, and 
consist predominantly of primary tis¬ 
sues, has apparently been derived from 
it in response to climatic changes or 
for other reasons. In herbaceous species 
the amount of fibrovascular tissue is proportionally very much 
loss. This may be due simply to a decrease in the activity of 
the entire cambium or to the breaking up of the cylinder into 
separate bundles; but in general any herbaceous stem is roughly 
comparable to a one-year-old twig of the particular woody stem 
tyi)e from which it has been evolved. The herbaceous stem in 
Fig. 84, with its thin but continuous vascular ring, has probably 
arisen from some such woody form as is shown in Fig. 82 where 
the vascular ring is similarly continuous and homogeneous. 
The stem in Fig. 85, however, in which the cylinder has been 
broken into distinct and completely separate bundles, is quite 
different in type and has probably arisen from a woody stem 
somewhat resembling that in Fig. 83, where the vascular ring ^ 
is divided into segments by the development of very ^\^de rays. 
Cambial activity is usually weaker opposite these rays than 
opposite the woody segments of the cylinder, and in the stouter 
herbs of this type the rays therefore tend to form broad con¬ 
strictions in the ring. In more delicate herbaceous stems 
the constrictions finally become complete, the broad rays 
disappear, and the cylinder is thus broken up into a ring of 



V \o . H I l)i am a m 
through a node showing 
the <Jt'|inrtnrc of three 
loaf traces from the stem 
into the petiole, oaeh of 
t licit I leaving a separate 
tfap. The two stipules, 
opposite iho lateral Iniii- 
dlos, each receive a small 
trace. 
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<}tii^yoiir^A<\ of tho oiio-\‘rarw»l<l >tohi of Uio yyraiuori' 

(Li^ni/Jamhar), >ho\%in^ llio roiitin- \UiC fil>roN‘a><*n1ar 

uou-'i fibrovuj^i'ular c> liiiclor. <>JiiMlcr up into ^ Ijv 

tlio <Jt*vc'lo|ji(i(*iit of ui<K* rays. 



Fio. H-1.—Trans vorHo section 
of the stern of nn herbscoouH 
plant (/>f( 7 ifa/t«). In this t>pe 
the fibrovascular cylinder is thin 
l>ut unbroken. 



1*0. H5.—Transverse section of an 
herbaceous stem (Dflphtuium), Ii» ibis 
typo the fibrovasculur cylinder is broken 
into a rina of fibrovoscular bundles, each 
containing a group of wood <o11h and u 
group of phloem cells. 
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Fio. 80.—Portion of a transverse section of a stem of the buttercup (Ranun¬ 
culus) highly magnified, oascntiolly similar to the stem shown in Fig. 85. The 
two vascular bundles are entirely separate from each other. Such a stem struc¬ 
ture is characteristic of many soft-stemmed herbs. 
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M'parate .segments, or fibromscular buruiles (Fig. 8(i). Kacli of 
these consists of a group of wood cells on its inner side and of 
phloem cells on its outer, with a \e-''tige of eanibiuni between 
them. Connecting the cambium layers of two adjacent l)undles 
there may remain a weak mUTfusciculor cambium, jnoducing a 
few layers of parenchyma cells. In many herbaeeous stems, 
however, the bundles, each .surrounded by a bimdic Munlh of 
thick-walled cells, are «juite distinct and widely separated from 
one another, with no remnant whate\ er of a cambial zone between 
them. It sliould be noted that in the>e bundles the phloem is 
directly outside th<* wood, an arrangement ternn‘d coUnhraL and 
that the alternation of biindl<*s of wood ami phloem, characteristic 
of the vascular cylimler of the root, is absent in tlie stem. 

The much-reduced xylem of herbaceous stems consists largely 
of ve.ssels, so that in many cases this tissue offers comparativelv 
little mechanical support. This lack is supplied by the develop¬ 
ment of mechanical tissm* el.-^ewhere. C’ollenchyrna is fre{|uently 
abundant in the outer corte.x, and bundles or bands of scleren- 


chyma may be present fln*re. 
IVricycle fibei-s aic often well 
developed, and tiu* cells of the 
bundle sheath may be hea\ilv 
lignified. The strains in .>511011 a 
stem are mostly thos*- of lateral 
tension and compression, for 
which a hollow tyjie is the 
most economical ariangernent 
of materials; and the distri¬ 
bution of these strengthening 
tissues in herbaceous stems 
meets their mechanical require¬ 
ments very well ami also pro¬ 
tects the delicate vascular 
bundles from collapse or rupture 
as the stem is strongly bent. 

The Stem of Monocotyledons. 
—Stems of this type (Fig. 87) 



87.—The stem of a nionoroJy- 
IcdonouB plant (corn). Triinsvcrso 
Hcction. nhowiiiK the fihrova,scular 
bundles scattered in the pith. 


are even more highly 8pcciuliz<>d than those of herbaceous dicoty¬ 
ledons. The bundles which constitute the fibrovascular system 
here are entirely distinct from each other and are no longer 



HOT AS Y: PRINCIPLES AND PRODLEiJS 


\(\A 


anangocl in the form of a hollow tube but are scattered irregularly 
ihioughout tlic whole area of the stem, although somewhat more 
abundantly toward the outside than toward the center. Pith and 
cortex are no longer sharply separated by a ring of vascular 
tissue, and it is impossible to distinguish the one from the other, 
the whole general ground tissue of this type of stem being called 
the pith. The individual bundles are distinctive in appearance. 



Flu, 88.—Stem bundle of n nionocotylcdonous plant. Transverse section of a 
fibroviiscular bundle from the corn stoin shown in Fig. 87. A, vessels; B, sieve 
tubes, will companion cells in their corners. The bundle is surrounded by a 
hundlc aheofh of thick-walled cells. 


and the corn bundle in Fig. 88 is typical of most of them. Around 
it, as in other herbaceous bundles, is a bundle sheath of thick- 
walled cells. The xylem portion of the strand, which ordinarily 
is on the side toward the center of the stem, consists chiefly of 
two very large ducts. Between these is a narrow band of wood 
cells, and below this a large air space, or lacuna, a portion of 
which is occupied by a vessel with ring-like thickenings in its 
walls. The phloem is regularly arranged, the eight-sided sieve 
tubes alternating with rectangular companion cells. The 
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departure of the strands to the loa\es is very complex, a lar^(‘ 
number of bundles moving outward from the stem and entei ing 
the sheathing leaf base. 

The bundles of the monocotyledonous stem possess no cam¬ 
bium, and such a stem as this is unable to grow imlelinitely in 
thickness, as do ordinary woody stems. There are a lew tre{*s 
belonging to this group, notabh- the palms, but their s1<*m slruc- 
ture is extraordinarily complicated and dt)es not at all resemble 
that of common trees. 

That the rnonocotyledonous type of stem l>as arisen from that 
of dicot^dedonous plants is indicated by the <u-ientation of the 
xylem and phloem in the bundles, the vestiges of cambium fouiul 
in certain cases, and the arrangement of the bundles in a single 
ring in certain primitive rnonocotyledonous plants an<l in the 
seedlings of others. The two groups ha\e become so widely 
separated in the c<jurse of their evolution, however, that inter¬ 
mediate forms are now’ lacking. 

The Structure of Wood.— In shrubs and trees (of the dicoty¬ 
ledons) the great bulk of the stem, particularly in its older por¬ 
tions, consists of but one tissue, the wootl. U’ood is so important 
in the economy of the plant and of such great signilieunce to 
man that it deser\’es a closer study than has been given the other 
tissues of the stem. 

Thniugh the activity of the cambium (a fuller account of which 
is resented for the chapter on grow’th) a new eoncentric layer of 
wood cells is added each year to the outside of the woody cylinder. 
The tracheids and ducts produced at the beginning of growth in 
the spring are usually of large diameter and a>e accompanied by 
comparatively few’ fibers, an<l it is apparentlj’ in this aprimj uood 
that most of the upw'ard conduction of water takes place. In 
the later-formed portion of the annual ring, the water-carrying 
cells are few’er and narrow’er, and the bulk of the tissue is ct)m- 
posed of fibers. This summer wood is re.spon.siblc for most of the* 
rigidity and strength of the stem. In large branches and trunks, 
the older portion of the wood, consisting of the first-formed 
annual rings at the center of the stem, in time becomes tlead 
throughout and ceases to perform its functions of water conduc¬ 
tion and storage. It then constitutes the heart wood (Fig. 89). 
The living and functioning part of the wood is its youngest 
portion and is known as the sap wood (Fig. 89). This, of course. 
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is on the outside of the woody cylinder, and it is usually rather 
constant in widtii in any particular species, its innermost ring 
being con veiled into heart wood each year as its outermost ring 
is added by the activity of the cambium. All of the nonwoody 
cells in the sap wood (the paienchyma colls and ray cell.s) are 
alive. As sap wood becomes heart wood it may undergo various 
changes. Its cell walls often become filled with tannin, resins, 
and otluM substances which give the dark color and the resistance 

to decay wliich so often distin¬ 
guishes heart wood. It com¬ 
monly increases in hardness, as 
well. Among many of the trees 
which pos.sc.ss ducts, these tubes 
become plugged by balloon-like 
(‘xtensions of adjoining paren¬ 
chyma cells, or tyloses, wliich 
push through pits and fill up 
the ves.sel cavities. Water can 
no longer enter these vessels 
or be carried through them, 
and the heart wood in such 
<*a.scs is relatively dry. 

Wood usually is cut along 
one of three distinct planes, and 
the cut surface in each case pre¬ 
sents a very different appearance 
(Fig. 90). In describing a given 
wood it is therefore customary 
to consider its characteristics as they are showm in these three 
cuts, or sections. An ordinary “cross cut,” at right angles to 
the length of the log, is known as a transverse section and shows 
the annual rings as a series of concentric circles, with the wood 
rays running out from the center as narrow’ lines along the 
radii. Where the cut is longitudinal and made exactly along 
the radius of the log, a radial section results. This presents the 
annual rings as vertical straight lines and the wood rays as hori¬ 
zontal stripes or markings. Where the rays are fairly >vide, as 
in the oak, these markings are prominent and furnish the much- 
prized' “silver grain” seen in quartered oak. Other longi¬ 
tudinal sections, which do not lie in a plane passing through 
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Fici. 89.— llourt wood and ^ap 
wood. Tninsvorscly rut end of an 
onk lofz K)iowinff t))o darkly colored 
heart wood i\t the center of the stem, 
.surrounded by the liirhter sap wood. 
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IlG. 00.—Trufi.*^vcrsr, tnnfsontinl. aiul radial «cc*tion» of woo<l. Both 
have \*4*ou rut traii>vi'rM'ly. The oik* at tho left ha.- als/) tn-en rut Irrupt hwl^e 
tariitejitiully. and ttio one at tlie ri^ht loo^thwi>c* raihuU>'. Eurh rut ropie.-ent:s 
the appearance of tlmt parti<*ular plane of wertion. The annual rintrs and wouil 
rays may l>e di^tini;ui>hed in uU three Hcctiony. 



Fiq. 01 .—A aogrnont of an oak log. At the right, tho block baN boon cut 
radially; and above* transversely. At tho left (the surface of tho log) h portion 
of the phloem and bark has boon removed, shornng a tangential >dow of tho wood 
underneath. The wood rays arc narrow shoots of tissue running along the radii 
of the stem. On the radial face one of them is shown split opco, givdng the 
clioractoristic ^'silver grain'" of oak wood. Between tho largo rays arc many 
bfiiall and narrow' ones. 
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the center of the log, are known as (angcnfial. If the structure 
is exactly regular and the cut exactly true, the annual rings are 
hero scon as straight linos somewhat unequally distant, running 
up and down along tlie wood. The irregularities which almost 
always occur, however, cause* the I'ings in such a cut to appear 
as wavy lines, which produce the common “grain” of most wood 
surfaces. The rays are very inconspicuous in a tangential section, 



Kio. 92.—('ul)c of pine wood, much cnlnrRcd A, transverse section; li, radial 
section; (’, tancential section. One entire annual ring and parts of two other.s 
are sliown. {('ourttfty of United Statee Forest Froduds Laboratory,) 


for only their cut entls are visible. The relations between these 
three sections, and the characteristic appearance of the various 
wood structures as seen in them, are shown in the segment of an 
oak log (Fig. 91) and the magnified cubes of pine wood (Figs. 92 
and 93). 

Woods of various species differ from one another markedly in 
such gross characters as color, weight, hardness, chemical com¬ 
position, width of annual rings, wdth of rays, and number, size, 
and arrangement of vessels; and in such microscopic features as 
the size, shape, character, and location of the different classes of 
wood elements, the type and distribution of pits, and the various 
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markings on the cell walls. The structure of two distinct and 
important woods, thost? of pine and of oak, arc well shown in 
their transverse, radial, and tangential sections in Figs. 94 and 



Fio. 03.—A cubo of pino wood under very much hif^licr masnificution than in 
Fig. 92. Trannyorso Hoction above, tangential at the left, and ra<Uul at the right. 
The end of a ycar*» growth, wth the line of contact between bumincr wood and 
spring wood, id tfhown. Note that the pita from tracheid to tracheid (oh in the 
vertical tracheids and in the marginal tracheida of the rays) arc bordered on l>oth 
Hides; that the pita botwcon parenchyma colls (as the central ray cells) arc simple 
on both sides; and that l>etw'cen a tracheid and a parenchyma coll the pit is 
bordered in the former and siinplo in the latter, (From E. C. Abbe.) 

95. Pine wood consists almost entirely of tracheids, those 
of the spring wood being somewhat wider than the ones formed in 
the summer. The rays are only one cell wide, rather short, and 


















l U). 114. Tien* wood JW hcuti uorliT the rniero**cojH*- yl. tran^i verse Boot ion. The \\iK»d 
relU (triirhfiils) ure here cot nrroH.s, at nitht unsle.n to their length. Note the thin-waUed 
eelLs in ttu* .H|iruig wood and the thick-walleci ones in tJie summer wood. The wood ra> s 
*un at rifflit anKtes to Itie unnuul riti^. B, radial section. C. tunRentiiil section. In hotli 
these, the true lie ids are cut length wLsv. Note the nmrked tliffereiice in the apj>eurancc of 
'he woimI rays in the three sections. The largo openings are reoin cunaLs. yCourlesy oj 
titled Slalfn FortnX ProdMft^ Lchoraior^.^ 
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• •II iirifjt'r fiM* iiiirroHrof>o. A, tronHVor^e oii»* 

rtn of otfuTn. NoU* fhf vrry vc:^*U jri ih*’ epritiK 

h*iuii\\ft i)h* vm'I*' my, aiicj ili<* muny wry nArrou 

tAJiiccittia) M*olic»n. Note tho luariy (iHl<'ri'n<*os ici otxucture 
f pi I**'. (Vou't<4i/ of Vmt^A St/iie* Forint Products l^h^tatory 'i 
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provided with horizontal, trachcid-like cells on their upper and 
lower margins. Large resin canals are frequent in the vertical 
direction, and there arc a few horizontal ones also. Oak wood is 
much more highly specialized. It possesses very large vessels 
limited to the spring wood (the ring-porous condition), with 
smaller ones formed later in the season. Simple tracheids also 
occui', hut the mass of the wood is made up of thick-walled fibers 
among which are tangential bands of vortical parenchyma cells. 
.Most of the rays aiv one cell witle, but very wide ones are also 
present. The various details of wootl structure in other forms 
remain so constant that they often may be used to identify the 
plant species from which a piece of wood has been derived. 

The great diversity which wood displays, together with its 
abundance and the case with which it can be manipulated, 
has led to its use in numberless ways, and there is consequently 
no other plant tissue, aside from those used as food, which is of 
such great economic importance. 

Storage and Secretion in the Stem.—The function of the stem 
as a center of food storage has already been mentioned. It is 
chiefly in its perennial portions, both subterranean and aerial, 
that reserve food is laid down, although there is some temporary 
deposition in annual stems. Any living cells may function in 
food storage, but the pith, the cortex, and the wood and phloem 
parenchyma (particularly the parenchyma of the rays) are 
chiefly concerned. Starch is the commonest type of food 
stored, though fats and proteins are often found. 

In the cortex and wood of the stems of many coniferous trees 
occur specialized canals which secrete resin, or pitch.” The 
formation of these canals can be stimulated by wounding the 
stem, and the secretion, in the case of many pines, is commercially 
important as the basis of turpentine and its products. Oil, 
mucilage, and tannin are also secreted by canals or special¬ 
ized cells in various parts of the stems of many plants. Still 
more important today is latex, a remarkable milky material 
found in various plants. This is secreted in a complex system 
of branching tubes, without cellular divisions, often extending 
throughout the stem and especially developed in the cortex and 
bark. It is an emulsion containing sugars, starches, fats, 
proteins, and resins and often a considerable variety of other 
substances. Whether latex is a waste material, or food reserve 
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or plays some other part in the life of the plant is not well under¬ 
stood. Its significance to man is very great, however, for it is the 
source of rubber and other commercial plant products. 

Modified Stems.—The typical upright, foliage-bearing stem 
has in some plants become radically modified. Many have 
abandoned the erect habit, ami their weak and slender stem.s are 
prostrate on the ground (Fig. 00) and often .strike root there, thus 
incidentally serving as organs of reproduction. Some support 
themselves on other objects and thus are able to c-xpose their 



I'JO. 90.—Proslrftte Ktotii o/ tlie twnflowcr {.hinnnrn). {From Uatrutlfy,) 


leaves to the light without developing a stout .stem. This is 
accompli.shed cither by a twining of the entire stem about a 
support (as in climbing beans) or by the activity of tendrils, 
slender structure.s sen.sitive to contact, which coil themselves 
around any favorable object and then through their sjjring-like 
contraction pull the plant closer to its support. Some tendrils 
are modified leaves (as in the pea), and others modified stems 
(as in the grape). 

Plants like the carrot and dandelion possess little or no stem, 
at least during certain stages of their life history, and the leaves 
grow almost directly from the apex of the root system. In 
most perennial herbs the main stem has become subterranean and 
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{serves chiefly for food storage, sending up leaves or shoots to 
tile surface every vear. Rather slender underground stems of 
this sort are known as rootslocksy or rhizomes (Fig. 07). The 
leaves which they hear directly are often scale-like, h\it the ter¬ 
minal and lateral buds grow up into typical shoots. Many 



nod«'s. A. stouter rootstork of Solomoii's-sp«l. (.After A. 6’roy.) 



Fio. 98.—Tubor of the potato, shomiig point of attachment to the parent 
plant (at extreme nght) and numerous buds or “eyes,” each in the axil of a 
rodured nYid scale-like leaf. 

adventitious roots arc produced from rhizomes, especially at their 
nodes. In extreme cases, underground stems have lost their 
power of foliage production altogether and have become shortened 
and much thickened into tubers (Fig. 98), as in the potato plant. 
Here the foliage leaves are borne on typical aerial shoots, but 
from the subterranean portion of the stem arise slender rhizomes, 
ivith a swollen region at the end of each, which becomes the 
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tuber. This may be recognized as a stem fiom the fact that it 
produces buds, which are arranged in a regular spiral fashion. 
An “eye” is one of these buds in the axil of a leaf which is so 
reduced that its presence is indicated only by a fold of tissue. 
In other tubers, such as tho.^e of the Jerusalem artichoke, tlu^ 
leave.'^ are more nearly recognizable as such. In the internal 


I'Hi. UU. Bull* and At Mi, lon/dtuduial portion throutth tlu- bulb 

of a bynrintli. Tho *<hort. bruad tiXotu l*oar.H a clu9(or of fleshy loaves, the central 
ones of which ^row out folinco loaves. At lonifitudinal section throu^rh 

the conn of a crocus, hlM*wiriK the thick, short stem surroutulcn] by the flhrous 
remains of old leaf bases. I'ho reinuins of c<*rins of three prt^ceding scnsoris uro 
shown l>olow’ the pre 2 »cnt one. The tor*K of the loaves have l>ooii cut off in l>oth 
iilustratiotis. 

stnicture of a tuber the typieal tissue systems of a stem may be 
distinguished, though in a much-modified condition. 

Other stems modified for food storage (Fig. 9<J) are the bulb 
(as in the onion), which consists of a much-shortened stem bearing 
a cluster of thick and fleshy leaf bases surrounding a terminal 
bud; and the corm (as in the crocus) where all the food is deposited 
in the short, stout stem itself, with a few scaly leaves on its 
surface. 





17() liOTAW: PRINCIPLES AND PROBLEMS 

Many stems, particularly the prostrate ones and the root¬ 
stocks, are of much importance to the plant in effecting its dis¬ 
tribution and in producing new individuals by vegetative means. 
The use of strawberry “ runners,” or slolorts, and potato tubers in 
the propagation of these plants is familiar and will be discussed 
more fully in the chapter on reproduction. 

Most young stems arc green in color and carry on photo¬ 
synthetic activity for a short time, but in a few plants, such as 
Muhlenheckia, liuscus, ami some of the cacti, this has become the 
chief function of the stem. In these plants the leaves arc much 
reduced or absent, and the stems are flat and thin, somewhat 
resembling the lamina of a typical leaf. Such modified stems 
are called cladodcs. 

Less common functions of modified stems are the storage 
of water, as in the fleshy cacti, and the protection of the plant 
tlnough the growth of lateral branches into spines, as in the 
hawthorn. 

The Economic Importance of Stems.—Products derived from 
plant stems sei^ e a wide variety of purposes and are very diverse 
in character. Food, timber, fuel, fibei-s, dmgs, chemicals, rubber, 
and many other products come from this source. 

Food .—The most important food derived from a typical 
plant stem is sugar, extracted from the sap of the sugar cane. 
This is a bamboo-Hke plant (Fig. 100) confined to the tropics 
and subtropics and is a chief source of the world’s sugar. The 
juice, pressed out of the cut stems, is purified and crystallized 
into the sugar of commerce. A minor supply comes from the 
stems of certain species of sorghum. Maple sugar, produced 
chiefly in the northeastern states, is derived from the sap flowing 
from the trunks of the sugar maple when tapped in early spring. 

Stems modified as regions of food storage provide more 
important sources of food than do typical leafy stems like those 
just described. Rootstocks, tubere, corms, and bulbs of many 
plants have long been eaten by man. The most important of 
such plants today is the potato, the tubers of which are one of the 
major sources of food the world over. This is native to the 
Western Hemisphere, but is now cultivated almost everywhere, 
though 90 per cent of the world’s potato crop is grown in Europe 
alone. 

Other modified stems which are important food producers 
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are bulbs of tho onion and its relatives {h><'k. nailir. an<l dux 
the conns of the taro, a notable bunl cn»p of JN>lv?ieM:i and 
Malayan re^^ioii; the tubers of th<‘ .Jerusalem Jirtn hoke. 
the swollen stem ot the kohlrabi. (tinker, a s})i<’<' u<i‘<l .sunc 
cla\sn ol history and still widely emph»>'«*d in man\' fo4i<ls 


e>' I ; 
f ho 
aiei 
the 
iiini 



l l<;. {^^ticc^ntrum oJficiti4if fitn). {Front A. F. 7/*//.) 

drinks, omnes front the* proser\ e<l or dried rootst<jcks of llie ^jin^er 

plant. wi<lely Kn>"n in the tropics. 

U'oofl. —'rh(t u.se.s of wood art* inon* diverse titan thost* of anv 

• 

other ftlant tissue. It is significant, in an age when metals and 
concrete are so widely employed in industry, that wood is finding 
many new uses and is steadily increasing in ectjiiomic importance. 

Wood has always formed a chitd material fttr human Itabitaf ions 
and is tised in construction of all sorts. Timber for these pur¬ 
poses is obtained from the trunks of a great variety of trees 
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in all parts of the world. The felling of these trees and the 
cutting and preparation from them of lumber of all types is 
one of the great industries. Structural timbers, shingles, poles, 
ties, and finished lumber are some of its important products. 

Fiom wood are also made an immense number of useful 
tilings—doors and windows, furniture, boxes, barrels, musical 
instruments, tools, and many more. Of special significance 
during the past few years has been the development of plywood, 
sheets of thin veneer glued together, with their grains running 
in (lifTorent directions. Such “built-up” wood is stronger than 
the same thickness of untreated wood and will not warp or 
crack as reatlily. It is now finding wide use in many industries. 
C’omprossed anti impregnated woods of various sorts are also the 
source of many new products. 

Wood is still used as a fuel in many parts of the world; and 
charcoal, almost pure carbon, derived from wood by partial 
combustion, is an important domestic fuel, especially in the 
tropics, anti has various uses in industry. Recently fossilized 
wood, called lignite or brown coal, is often used as a fuel, and 
much true coal was doubtless formed from wood. 

Some of the most important products of wood are derived 
from its more or less complete disintegration. Thus wood 
pulp, the source of newspaper and other types of cheap paper, 
is formed by grinding up wood and treating it chemically so that 
its fibers separate and form a felt. Spruce, poplar, and in recent 
ycai*s southern yellow pine and other trees are commercially 
used as pulpwoods. 

Chemicals of various kinds come from wood, notably tannin 
from the South American quebracho and a famous purplish-red 
dye from the logwood of Central America. More important 
are wood alcohol, tar, oil, and gas derived by the distillation of 
wood by heat. 

Of especial importance among these wood derivatives are 
cellophane, rayon, and similar substances which essentially 
are purified cellulose made from \vood pulp (and cotton) by 
chemical means. The’liquid cellulose or “viscose” is forced 
through minute pores to form tiny streams which harden into 
fibers which can be spun as rayon, now a keen competitor of 
such “natural” fibers as silk or cotton. If viscose is forced 
through narrow slits instead of pores, transparent films of 



THE STEM A\D ITS FL'XCTIOXS 



cellophane result. These now familiar products play a very 
important part in e\’eryday life. 

The chief economic woods of the temperate climates are tlw 
familiar conifers, such as pine, spruce, fir. cetlar, an<l cyiu'oss. 
and the so-called “hardwoods" cu* auf^iosperms—he(‘ch, hircli. 
elm, maple, hickory, oak. i)oi)lar, tulip, wahiut. and others, 
'rhe great wealth of tropical timhcrs, howc\-er. is rclativcl>' 
undevelope<l as yet. From the American tropics come mahog¬ 
any, rosewoofl. lignum vitae, and grcenheart, all heavy woo<ls, 
and balsa, the lightest of commercial wootls, now widely used. 
Ebony and teak are important timber trees of the eastern tropics. 

Phloem and Pericycle .—The importance of these tissues is 
limited almost entirely to the production of fibers, but these 
are some of the most valuable in the world. The stems of 
flax provide a fine strong fiber and those of hemp a coai'ser one. 
These plants have long btaui eultivatetl, espe<*ially in temperate 
regions. Jute, widely used for burlap, gunny sacks, and similar 
rough fabrics, comes chiefly from India. Hamie. grown in 
Cfliina, Japan, and India, yields a fiber of great strength which 
is now coming into wide use. All the.sc fibers are associated in 
the plant with the delicate tissues of the phloem and th<* corte.x 
and to separate them in pure condition involves <lifliculty and 
expense not met with in fibers from other sources. 

Bark .—The characteristic feature of this part of the stem is 
that in it are developed layers of cork tissue in which the cell 
walls become impendous to water. In most trees these layers 
never attain great thickness and the outer ones are soon .sloughe<l 
off. The Spuni.sh cork oak, however, has an active cork cam¬ 
bium which produces a very thick layer of cork tissue. 'Phe 
outer portion of this is carefully cut off about every nine years 
and forms the cork of commerce. This is widely used for bottle 
stoppers, floats, vibration absorbers, insulators, ami many other 
objects, as well as in the manufacture of linoleum. Cork forests 
arc confined to the lands around the western Mediterranean. 

The barks of hemlock and oak yield a high percentage of 
tannin and have long been used in the tanning of hides and the 
production of leather, as have the barks of some other trees. 

Quinine, important in the treatment of malaria, is cxtraete<I 
from the bark of several species of Cirichona (Fig. 101), a tree 
native to the Andean region of South America. The chief 
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is rubi>e*r, a substance indispensable in modern economy. The 
plant whicli yields the bulk of rubber today is the Para rubber 
tree, Ilcvva hrasilicnsis, a native of the tropical forests of the 
Ainai'.on reg:ion. 'I'he early supply wa.s obtained frt)in wild 
trees, and the eitj' of Alanaos became for a time the rubber 
capital of the workl. Attempts to cultivate this species else- 
wluae were tinally successful, however, and immense plantations 
were establishetl in Ceylon and especiall}" the Malayan regions, 
that since 1910 have yielded the bulk of the world’s rubber, 
'rhe trees are tapped by making oblique cuts through the bark 
almost to the cambium. The latex flows out from the cut tubes 
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supplv has come more recentlj' from the great ])lantations of 
this tre(“ in the Hast Indies. 

Cinnamon, widely used as a spice and flavoring agent, comes 
iioin the bark of the cinnamon tree, which is cultivated chiefly 
in soutluaiy-ttMii A.-'ia. 

Lfiltx .—Latex tulu*s are found in a. wide \ ariety of plants 
and tin- r<’markal)ic material which tlnw scen'te is the basis of a 
munbor of u.scfvd i)j-oducts. Py far the most important of these 
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hotel lobbies, and from the Panama rubber tree. Catiftlla clas/tca. 
of Mexico and C’etitral America. 'I he only imporlanl source of 
natural rubber in the Pnited ^States is the miaytile, Purthtniutn 
arf/rnlntum, a small shrub now cultivated in our southwestern 
states. The entire plant is har\a*sted ainl ground up. and the 
iubb(u‘, which is not pres<nit in latex tubes but in small uranuh'S 
throughout the cells, i.s extracted by mechanical nu'ans. Atteti- 
tion is now being given to tin* possibility of obtaining rubber 
from other plants, notably the milkweed. Indian hemp, goldenrod, 
and dandelion, 'i’he greatly increased manufacture of syn¬ 
thetic rubber may lessen somewhat the importance of these 
natural products. 
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Gutta-percha, a nonclastic rubber useful in the manufacture 
of golf balls, telephone receivers, and submarine cables, and 
<{entistry. is derived from the latex of Palaquium^ a genus of the 
Soapberry family growing in the East Indies. Another member 
of the same family, the sapodilla tree {Sapoia achras) of Alexico 
and Central America, is the only source of chicle, a latex used 
in the manufacture of chewing gum. The tree can be tapped 
only e\ery two or three veal's. Most of the supply comes from 
wild trees in Hritish Honduras and a{ljacent Mexico, and the 
I'nited States imports practically the entire crop. Only about 
15 per cent of a piece of chewing gum is chicle, but this is indis- 
pensalde, for no satisfactory synthetic substitute has yet been 
produced. 

Secretions .—^’arious gums, resins, and their products are 
derived from the secretory cells or canals in the stems of a wide 
variety of plants. 

Gum arabic exudes from the wounded stems of a north African 
species of Acacia and is much used in making adhesives. 

Copal resins or gums are derived from a number of trees of 
warm climates and are much used in varnishes. Some of the 
best are fossil resins, such as the famous kauri gum, dug from the 
site of ancient kauri forests in New Zealand. Amber is another 
fossil resin, derived chiefly from an extinct species of pine in the 
Baltic region. Lacquer, the natural varnish so widely used in 
oriental art, e.xudes from the Chinese lacquer tree {Rhus vemici- 
jlora). Even more important economically is turpentine, 
derived from the resin (pitch) canals of coniferous trees, chiefly 
the pine. The tree is tapped by cuts w’hich expose the cambium 
and stimulate the formation of wound canals, the resin exuding 
from which is collected at the base of the cuts. When this is 
distilled it yields resin and spirits of turpentine, used for many 
purposes in industry. The longlcaf pine is the chief source of 
turpentine in this country. 

Many other gums, resins, and balsams are produced from 
the secretory tissues of plant stems and are important in medicine 
and a wide variety of industries. 

The Ascent of Water in Stems.—It can be determined by 
experiment that w'ater absorbed by the roots is carried upward 
in the \vood of the stem. This movement may be as fast as 
from 1 to 4 feet per hour. As to what causes it, however. 
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there still is much question. To explain the ascent of water in 
low-gro^^^ng herbaceous plants is fairly simple, but the factors 
which bring about the lifting of water iri large (juantitios to the 
tops of tall trees, sometimes more than 300 feet abme the 
ground, are very hard to determine. An upward osmotic pull 
is of course furni-^hed by the increased sap concentration in tin* 
leaf cells which follows the water loss therefrom in transpirtition, 
or by the force of imbibition in the drying <*cll walls; but <*\(‘n 
granting a strong pull at the leaf, the rise obviously caniu^t be 
due to simple “suction” or atmospheric ]>ressure. Xor is 
capillarity probably concerned to any great extent in the proce.ss, 
for, although water may be lifted \ery high in exceedingly small 
capillary tubes, its movement is so slow under these conditions 
that capillarity certainly could not provide the large amounts 
of water which must asceml the trunk daily. Root pres-surc, 
if it were great enough, might perhaps be important, but root 
pressure is strongly manifest in most woody plants only during 
the spring and therefore is lacking at the sea.son when transpira¬ 
tion is most active. It has been suggested that the living ray 
and wood-parenchyma cells ma3' be concerned in the upwar<l 
movement of water in some wa\', perhaps furnishing a continuous 
series of osmotic pumps. These cells may be of some such 
service, but it has been shown that for a considerable time, at 
any rate, water maj' ascend through a stem where all the living 
cells have been killed. The most plausible hypothesis yet put 
forwar<l is based on the very high cohesive power exhibited by 
water under certain conditions. In thin water columns, such as 
occur in the conducting cells of the wood, this cohesive power 
apparently is so strong that a p\ill at the top—in this case the 
osmotic pull in the leaf cells—will lift a very tall water column 
bodily, as a rope might be lifted. There are certain objections 
to this explanation, too, but they are not so serious as in the other 
hypotheses. Possibly several of the factors mentioned may bo 
concerned together in the ascent of sap. Experiments with dyes 
indicate that in most plants there is little lateral movement of 
water in the wood, each part of the stem being supplied from the 
roots immediately below it. 

The Translocation of Dissolved Substances in Stems. —It is 
generally agreed that the foods manufactured in. the leaves are 
carried downward, or to places where they are used, by the 
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phloem. This is indicated, for example, by the commonly 
observed fact that a stem which has been ringed or girdled, by 
the remo\'al of the phloem and bark, will ultimately die. The 
mechanics of this process of translocation, however, are still 
obscure. The perforations in the end walls of the sieve tubes 
suggest that dissolved materials pa.ss directly from cell to cell 
without having to pass through wall or membrane. The speed 
of diffusion of such substances as sugars and amino acids, which 
have very large molecules, is necessarily slow, and diffusion 
certainly docs not provide the means of translocation. It has 
been suggested that pressures may be set up along the sieve tubes 
which force material from cell to cell. The streaming of pro¬ 
toplasm provides another possible mechanism. Sieve tubes, 
however, rarely show streaming, though this is evident in 
parenchyma cells of the phloem. Furthermore, it has been 
shown from a measurement of the rate of starch deposition in 
l^otato tubers and similar storage organs, in comparison with the 
cross-sectional area of the sieve tubes leading to them, that the 
rate of movement must be greater than the rate of observed 
j)rotoplasmic streaming. It may be that dissolved substances 
move in very thin films along the surface of contact between 
wall and cytoplasm in the sieve tube. The problem is further 
complicated by the fact that the direction of the flow sometimes 
changes. Almost the only general conclusion which can safely 
be made at present is that translocation of elaborated food from 
the leaves is brought about by the activity of living cells. 

It has been thought that in woody stems the upward passage 
of food which had been stored in the stem is in the ascending 
sap in the xylem, particularly since sugars can often be found 
in woody cells. Experiments in which the ring of phloem around 
a stem has been removed, however, show that very little sugar 
can pass up beyond the ring, although water does so abundantly. 
This suggests that all movement of food substances, both 
upward and downward, may take place in the phloem. Experi¬ 
mental evidence on these points is still conflicting, however, 
and a number of complex physical and biological processes are 
evidently involved. A study of the movements of “tagged" 
atoms, especially of radioactive isotopes of a number of the 
elements, promises to be of much importance in the solution of 
these problems. 
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QUESTIONS FOR THOUGHT AND DISCUSSION 

276. Most stems tend to be stout below and more slender above. 
Why is this, and of what advantage is it to the plant? 

276. Why are young trees often somewhat spire-shape<l, but old trees 
of the same species rather flat or convex at the tojr? 

277. What advantages and what disadvantages does a climbing i)lant 
have as compareti with an erect one? 

278. What advant.ages and what <li.'<advantages does a plant with a 
pro.strate stem have as compared with an erect one? 

279. What advantage.s and what disatlvaiitages does an lierbaceous 
plant liave as compared with a tree? 

280. Give an example of an annual herb; of a biennial herb; of a 
perennial herb; of a shrub; of a tree. 

281. Why are tlie .stems of subinersctl water plants soft ami weak? 

282. Why should alternate leaves be arrangcil in ti spiral fashion 
rather than in two .alternating rows? 

283. Will all the buds present on a tree in the winter unfold and grow 
into branches the next spring? Kxplain. 

284. Wliat function.s do you think that the bud scales perform? 
Which is probably the most important of these function.s? Kxplain. 

286. Why is it tluit a wootly twig obtain.s air for its internal tissues 
through IcnticcLs rather than througli stomata, as docs a leaf? 

286. Wliat is ine.'int by the stjitemcnt that tlie cortex ami pith arc 
“undiflercntiateti’' ti.«isues? 

287. What a<ivantage is there in liaving the cells of the condmrting 
tissues much elongated? 

288. What explanation can you oflcr for the fact that an endodermis 
is usually much better developed in the root than in the stem? 

289. In stems of monocotyledonous plants, why Ls it that the xjdcm 
of each bundle is directed toward the center of the stem? 

290. Wood has a “grain” which generally runs parallel to the axis of 
the tree. To what is this grain due? 

291. Why does wood split easily “with the grain” but not “against 
the grain ”? 
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292. What causes knots in wood? 

293. Why does a log which is otherwise free from knots often show 
them near its center? 

294. Which will have more and larger knots in its wood, a tree grown 
in the forest or one grown in the open? Explain. 

295. By looking at the cut end of a board, how can you tell the 
position which this board held with reference to the center of the log 
from which the board was cut? 

296. How can you tell whether a piece of furniture is made of veneered 
wood or not? 

297. In what two ways can you tell the age of a twig? 

298. What makes the annual rings in wood clearly distinct from one 
another? 

299. Why is it often difficult to count the annual rings of trees which 
have grown in warm regions? 

I 

300. As a tree grows older, which increases more rapidly in thickness, 
its heart wooil or its sap wood? Explain. 

301. Which will decay faster if exposed freely to the air, heart wood 
or sap wood? Explain. 

302. In most woody plants it is only the last year’s growth of phloem, 
or at most that of the last few years, which functions in translocating 
food. Explain. 

303. What do you think is the function of the companion cells? 

304. How' is it possible for a tree which is “hollow-hearted” to thrive 
and grow? 

306. In tapping maple trees for sap, why is it necessary to run the 
tap into the tree for only a very short distance? 

306. Cut flowei-s will keep fresh longer if the cut ends of their stems 
are trimmed off daily; if, after cutting, the ends are placed in boiling 
water or a flame for a moment; or (sometimes) if a little salt is added to 
the water. Explain how it is that these various procedures tend to 
effect the desired result. 

307. Why are fibers in the phloem usually thicker-walled and stronger 
than fibers in the xylem? 

« 

308. Why will a girdled tree ultimately die? 
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309. Why is the chestnut-bark disease, which attacks only the outer 
bark, cortex, and phloem, so fatal to chestnut trees? 

310. Why is a wire ring or other tight metal band around a tree trunk 
likely to injure the tree severely in time? 

311. If a trunk is bound tightly with wire, a >wellitig of the tissues 
finally appears above the wire. Explain. 

312. In propagating a plant by “layering,” a ganlencr bends a 
branch down to the ground and covers a portion of it witli earth in order 
that it may root at that point. Roots will develop much faster if the 
stem is bent or twi.sted strongly at the point where the roots arc de.-iired 
Explain. 

313. In “Chinese” layering, a ring of bark is cut off around the stem 
a.s far in as the wood, and that part of the stem is covere«l with moi.st 
moss. Roots eventually appear above the ring but i>ot Inflow it. 
Explain. 

314. In order to obtain verj' large fruit.s for exhibition j>urposes, 
growers sometimes “ring” a fruit-bearing branch some <listance below 
where the fruit is growing. Explain why this has the desijed result. 

316. What foundation in fact is there for the old belief that by driving 
nails into the trunk of a plum or peach tree, larger fruit will bo obtained? 

316. If a tree is girdled while its leaves are out, would you predict that 
the leaves wouhl wilt or not? 

317. Suckers will grow less vigorously from the stump of a tree which 
was girdled some time before cutting than from one which had not been 
girdled. Explain. 

318. What resemblances and what differences arc there between 
latex tubes and sieve tubes? 

319. Why is a potato “morphologically” a stem? 

320. The scale of a winter bud and the flap of skin below the “eye” of 
a potato are both said to be “modified,” “reduced,” or "vc.stigial” 
leav<a. Why arc they regarded as leaves at all, and what has probably 
l>een their evolutionary history? 

321. In plywood, why do adjacent layers have their grain running in 
different directions? 

322. The vessels in white-oak wood contain abundant tyloses but 
those of the red oaks do not. What influence may this have on the 
economic uses of these two kinds of wood? 
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323. Why are wood fibers of little value for making fabrics? 

324. Synthetic chemistry is producing a rapidly increasing number 
of products formerly derived only from plants. Does this mean that 
plants will no longer be necessiiry in our economy? Explain. 

326. What do you think will be the effects on agriculture and forestry 
of the greatly increased use of cellulose and alcohol (tlerived from many 
kinds of j)lants) in the manufacture of synthetic substances and for 
other industrial pxirposes? 

326. What is there about the .structure of cork which makes it such 
excellent material for bottle stoppers? 

327. What makes cork a good material for life preservers? 

328. How would you determine whether or not the ascending stream 
of water travels in the wood? 

329. Why cannot the ascent of water in the stem of a plant be 
explained on the principle of the suction pump? 

330. What relation is there, do you think, between the fact that the 
angiosperms (higher flowering plants) have vessels in their wood and 
the fact that they have relatively large leaves? 

331. The vessels in the wood of vine stems are usually much wider 
than those in the wood of trees. Explain. 

332. It has been found that the osmotic concentration of the sap 
in the leaf cells increases steadily from the lower leaves to the upper ones 
on a tree. Explain, 

333. Some physiologists have suggested that water moves chiefly 
in the walls of the xylem cells. How would you determine whether 
or not this is true? 

334. How could you measure the rate at which water moves through 
the xylem; at which food moves through the phloem? 

336. How far, in your opinion, is each of the following statements 
true? “The height to which a tree will grow is determined by 

(1) the soil in which it grows; 

(2) the ability of its leaves to lift water from the roots; 

(3) the mechanical strength of its trunk; 

(4) the height of surrounding trees; 

(5) its inherited capacity for growth in height.” 
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METABOLISM 

The term metabolisjii, wliotlicr used of animals or of plants, 
refers to the entire scries of chemical changes and processes 
involved in the activity’ of the living organism. It may be 
divided roughly into conslrucUvc and (Jvalructivc metaboli.'^m. The 
former process l^egins, in plants, with the production of simjjlc 
carbohydrates by photosynthcsi.s and is concerned witli the 
construction from these of the more complex plant foods and with 
their storage, digestion, and assimilation into the living proto¬ 
plasm, together with the growth of new tissues which is thus 
made possible. Dc.structi\e metabolism involves a breaking 
down of protopla.sm an<l its inclusions, with the consequent 
production of waste materials and the liberation of energy neces¬ 
sary for the activity of the living organism. 

Plant Foods.—Before the characteristics of the.se various food 
types and their mode of origin are considered, however, one 
should inquire as to just what is implied by the term foo<i itself. 
A broad definition makes food include everything taken into the 
body of the organism which is essential to its life and continue«l 
activity. Water, carbon dioxide, and the various essential 
mineral salts would thus be considered as the food of plants; 
and indeed it is the !a.st of these which in ordinary speech arc 
most commonly referred to a.s “plant foods." From such a con¬ 
ception of food as this, however, has arisen a fallacious distinction 
sometimes drawn between animals and plants, namely that 
the former require organic food and the latter only inorganic. 
A more strict and from tUe present point of view a more useful 
employment of the term food limits its application to anything 
which supplies either of the two fundamental demands of the 
organism—energy and building materials. Food may therefore 
be defined as whatever fumiahe^ a supply of available energy to 
an organism or contributes materially to the growth and repair of its 
tissues. It is the carbohydrates, fats, and proteins which provide 
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the materials for growth and which, because of their somewhat 
unstable composition, contain a supply of potential energy 
readily available to the organism. These arc the true foods. 
The essential mineral salts, which constitute a very small portion 


indeed ol the plant body, are neither tissue builders (except in a 
veiy minor degree) nor energy producers and hence cannot 
strictly be regarded as plant foods at all. Their importance 
lies rather in the fact that they are nccessarj', in minute quanti¬ 
ties, for the construction and successful functioning of proto¬ 
plasm itself. Somewhat similar in this respect arc the vitamins, 
often called accessor}' food materials, and as necessary to plant 
life as to animal. 


Basic Syntheses in Plants.—The food of plants and animals 
is essentially the same, and the difference between the two groups 
therefore lies not in the character of the food which they use but 
in the fact that green plants are capable of synthesizing food 
from inorganic nutrient materials whereas animals are not. 

The formation of simple sugars by green plants through 
the process of photo.synthesis, although very important as the 
ultimate source of all food, is only one of the fundamental syn¬ 
theses carried on exclusively by green plants. The amino acids, 
thovse nitrogenous compounds out of which all proteins—and thus 
protoplasm itself—are made, originate from a union of carbo¬ 
hydrates and nitrogen which occurs in plant tissues. Recent 
investigations show that most of the vitamins, which play such 
an important part in the nutrition of all organisms, are produced 
only in plants. Thus the basic syntheses which underlie the 
production of all those complex substances essential for living 
things take place almost exclusively in plants. 

From the relatively simple substances produced by these 
basic syntheses, plants manufacture an enormous number of 
complex organic products. Their tissues are chemical labora¬ 
tories whence come materials most of which are still beyond the 
skill of the chemist to create. Starches, fats, cellulose, proteins, 
dmgs, spices, rubber, resins, and other substances in endless 
variety are the result of the metabolic activity of the members 
of the plant kingdom. Many are eaten by animals and in their 
bodies are built into still other chemical combinations. Ulti¬ 
mately all these organic materials are broken do^vn into simpler 
forms again, either by the metabolism of the organism in which 
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they were produced or by the decay and disintegration of dead 
animals and plants. There is thus a constant circulation of 
various materials through air and soil ami through the bodies of 
green plants, of animals, and of bacteria, a process by which 
organic substances are continually being built up and broken 
down. This organic cycle is represento<l graphically in Fig. 103. 

True foods may be divided into three main cla.sses: carbo¬ 
hydrates, fats, an<l proteins. These food types differ from eacli 



FiO. 103»—‘Tho organic cycle. History of tho concstruction and di&intogratioQ of 

tho important organic subs^tancos found in plants. 


other in physical structure and chemical composition as well 
as in the parts which they play in nutrition. 

Carbohydrates.—Carbohydrates are substances composed 
entirely of carbon, hydrogen, and oxygen, in which the hydrogen 
atoms arc about twice as numerous as those of oxygen. Glucose, 
C6H12O6, the product of photosynthesis, is an example of a 
very simple carbohydrate. To this group of foods belong the 
various sugars, starches, and celluloses. Carbohydrates tCre the 
chief source of energy for all organisms and also provide most of 
tho building material for the plant body. 
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Sugars. —The simplest of the carbohydrates are the sugars, 
rhesc are all soluble in water and have relatively small molecules. 
Sugar solutions possess the remarkable power of rotating a beam 
of light which passes through them. Manj’’ arc strong reducing 
agents, acting to remove oxygen from chemical compounds. 
-Ml arc sweet to the taste, but the degree of sweetness differs 
considerably. 

The simplest sugai-s commonly found in plants all have the 
general formula CeHjoOs and are thus called hexoses, and from 
th<‘ir possession of only one of these basic sugar groups they are 
also termed monosaccharoses. They differ in the structure of 
their molecules and in other respects. Most important among 
them are glucose, or grape sugar (also called dextrose from its 
ability to rotate a light beam to the right), which is very widely 
<listrib\ited among plants and is the first product of photosyn¬ 
thesis; and fructose, or fruit sugar (also called levulosc from its 
turning of light to the left), which is particularly common in 
fruits. Molecules of these simple sugars are combined in various 
\^•a>^s to form more complex ones and the higher carbohydrates. 

Sugars are stored in some plants as reserve foods but are 
also widely distributed in small quantities throughout the plant 
body because of the fact that those carbohydrates which are 
insoluble must be converted into sugar before they can be trans¬ 
ported from place to place or before they can be assimilated into 
living protoplasm. 

The disaccharose sugars have two of the simple groups. One 
of them, cane sugar, or sucrose, is the most abundant of plant 
sugars and economically the most important. It has the formula 
C 12 H 22 OU and is the sugar found in sugar cane and sugar beets, 
tlius providing the chief supply for human consumption. Sucrose 
is the commonest sugar in the nectaries of flowers and in fruits. 
It is produced by the union of a molecule of glucose and one of 
fructose, with the loss of a molecule of water, thus: 

Glucose Fructose Sucrose 

CJIijOo + CeHiaOo - H2O = CuH^On 

Maltose is another disaccharose and is formed as a product of 
the digestion of starch, particularly in germinating seeds. 

There is no general chemical test for sugars, but those which 
act as reducing agents may be recognized by heating with 
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Fehling’s solution, in which case the blue cupric hydroxide is 
reduced to the reddish-brown cuprous oxide. 

Starches .—These are much more complex carbohydriitc.s. with 
verj’’ large molecules which are multiples, indefinite in number, 
of the basic group C'^IIioOs, a hexoso sugar group from which 
one molecule of water luis been rcmove<l. 'I'he general formula 
for starch may thus be written ((.'ell loOs)^. - Starch is a poly¬ 
saccharose. It gives a characteristic blue color with iodine. 



Fio. 10-1.—Starch Kcuiiis from vnriou.s plants. .1. lima B, <'orn; C. |Kjt!itu 

(siinplo grain); C'l. i»otnto (coii>|h>uii<J grain); IJ, rico (coiiipotiml grain); /)i, 
one of the siinplo grains that coinix*-''** coinpouf'i Krait‘ •>( rice, cnliirgeil; E. 
wheat; F, oats (compound graip). (From Miller.) 

As found in plants it is insoluble and occum in grains (I'ig. 10-1), 
the size, shape, and markings of which arc so constant for a 
given species that they may be used as a means of identifying 
the source of samplers of flour, face powder, or other starchy- 
products. Small starch grains occur in the chlorophists during 
photosynthesis, but they are best developed in storage cells, being 
produced there by leucoplasts (I'ig. 105). The commonest type 
of starch grain, as in the potato, consists of a series of layers 
deposited around a center of starch formation, the hiluni, which 
is often cracked or shrunken. In a simple grain there is a 
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single center, but in compound grains, like that of rice, there 
are a series of centers. The cause of the layered appearance is 
not well understood but is probably concerned with changes in 
the character of starch laid down at different times. Starch is 
the most abundant type of stored food and the chief energy- 
producing food of animals and man. 

In a number of families the leaves are unable to produce 
starch although this material is abundant in storage organs. 
Evidently the photosynthesis of sugar and the production of 
starch from this sugar are quite independent processes. 

A substance resembling starch in its composition but soluble 

in water is inulin, often present as a 
reserve food in the cell sap of mem¬ 
bers of the Composite familj'. When 
precipitated by alcohol it forms char¬ 
acteristic sphere crystals. 

Cellulose .—Cellulose is another 
polysaccharose with the basic formula 
(CelljoOt)^. It constitutes the bulk 
of the cell wall of plants, and its types 
and properties have been discussed 
in some detail in an earlier chapter 
(p. 49). Because of its comparative 
indigestibility cellulose is not usually 
available as a food, though in certain 
plants a layer of it is deposited on 
the inside of the cell wall during 
periods of food storage and is later 
absorbed and used by the plant. Such reserve cellulose is in 
some cases an important source of food. 

Fats. Fats resemble carbohydrates in being composed only 
of carbon, hydrogen, and oxygen but differ from them in the 
relative proportion of these elements.- The hydrogen atoms 
are approximately twice as numerous as those of carbon, but 
in comparison with these two the amount of oxygen is very 
small. Three common plant fats well illustrate the chem¬ 
ical composition of this type of food. These are palmitin, 
CgHsCCOaCisHai)*; stearin, C,H6(C02Ci7H35)8: and olein, CsHb- 
(COsCi 7H83)3. All fats are compounds (esters) of glycerine 
with a series oi fatly acids. Thus, three molecules of one of these, 
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palmitic acid, C 16 H 31 CO 2 H, combined w-ith glycerine, C 3 H 5 (OH) 3 , 
produce a molecule of the fat palmitin plus three molecules of 
water. Fats are insoluble in water but dissolve readily in ether, 
chloroform, acetone, and a number of other substances. Some 
(the fatty oils) are liquid at ordinary temperatures, and others 
solid. Fats are probably present in ever>' living plant cell, 
occurring in the form of small droplets in the cytoplasm, but 
their amount is very variable. They are especially abundant in 
fruits and seeds, where food in concentrated form is advan¬ 
tageous, since they yield more energy per unit of weight than 
do carbohydrates. Their importance in plant metabolism, 
liowever, is not so great as in that of animals. That fats are 
derived directly from carbohydrates in plants may be inferred 
from the development of oily seeds, where the carbohydrates 
decrease and the fats increase during the process of ripening. 
The reverse process evidently occurs in the germination of such 
seeds, the oily food reserves beii»g converted into sugars. Both 
these changes are very difficult to imitate in the laboratorj'. 

Proteins.—Proteins are composed notonly of the basic carbon, 
hydrogen, and oxygen of the carbohydrates and fats but include 
nitrogen, usually a small amount of sulphur, and often phos¬ 
phorus. They are exceedingly variable, both in chemical com¬ 
position and in physical properties, and are often veiy unstable. 
Protein molecules are large and enormously complex, as is 
suggested by the calculated formulas of two common plant 
proteins, zein of com, C 736 niieiNi 8 «O 208 S 3 ; and gliadin of wheat, 
C«85Hi0B*Ni9eO2iiS6. Less is known about proteins than about 
any other class of organic compounds. They arc of particular 
interest from the fact that protoplasm itself is a mixture of 
complex proteins. 

The carbon, hydrogen, and oxygen of proteins are evidently 
derived from the products of photosynthesis, but the source of 
the nitrogen was for a long time in doubt. It became evident 
rather early in the study of plant nutrition that complex nitrog¬ 
enous compounds, so commonly present in the soil, were not 
taken therefrom by plants to any appreciable extent, and it is 
now recognized that except for a few unusual cases the nitrogen 
absorbed from the soil is chiefly in the form of simple inorganic 
compounds, chiefly nitrate salts. De Saussure early in the 
nineteenth century presented evidence that green plants could 
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not obtain nitrogen from the immense supply in the atmosphere, 
and his conclusions are now generally accepted. 

W'hc're synthesis of proteins from carbohydrates and nitrogen 
occurs is a difhcult problem, but this apparently may take place 
in any li\ ing cell where the necessary materials are available. 
It i)robably occurs chiefly where new protoplasm is being con¬ 
structed, particularly at meristems or other regions of active 
growth. 

The immediate product of this synthesis by plants is not a 
complex ijrotcin but a relatively simple nitrogenous compound 
called an amino acid. Over twenty of these, which have been 
termed the “building stones” of proteins, have been isolated 
and stiulicd. Important among these are glycine, C 2 H 6 NO 2 ; 
leucine, CcHuNOs; glutamic acid, t'sH 9 N 04 ; and tryptophane, 
tbiIli2N202. From amino acids, with the addition of sulphur 
and pliosphorus, are constructctl the almost infinite variety of 
proteins present in plant and animal metabolism. That the 
synthesis of these basic substances is confined almost entirely 
to plants is a fact of prime importance in problems of nutrition. 

Anything like an adequate chemical analysis of proteins is 
as yet impossible. On the average, approximately 51 per cent 
of a plant protein is carbon, 25 per cent oxygen, 7 per cent 
hytlrogen, 16 per cent nitrogen, 0.4 per cent sulphur, and 0.4 per 
cent phosphorus. Proteins may be classified into four general 
groups, chiefly on the basis of their solubility. The albumins 
are soluble in water and coagulated by heat and are not abundant 
in plants. The globulins will dissolve in salt solution but not in 
water and may be coagulated by heat. Most of the plant pro¬ 
teins which have been isolated belong to this group. The 
glutelins are soluble in dilute acid or alkali but not in water, 
salt solution, or alcohol. They are found only in plants. The 
prolamins are soluble in strong alcohol and in dilute acid or 
alkali but not in water or salt solutions. They are also confined 
to plants. Both the last two types of proteins are abundant 
in seeds and together are often called “glutens.” 

Proteins are sometimes combined with nonprotein substances 
to form conjugated proteins. Especially notable among these 
are the nucleoproteins and similar compounds, which contain 
phosphorus. Their importance in chromosome activity and 
in other vital processes is great. 
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Most of the protein wliich is stored as a reserve food in plants 
occurs in definite bodies, the aleurotif grains (Fig. 106), w hich are 
secreted by tiie protoplasm much as are starch grains, and whicli 
often fill the sap cavity. In their more comi)lox types these 
consist of a protein matrix in w’hicli there is an angular “crystal¬ 
loid” of protein and a “globoid” composed of a double phosphate 
of calcium and magnesium. The storage of proteins in this form 
is fretpiently confinetl to particular regions of the plant. 'I hus, 
the aleuroiie layer of cereal grains, a single layer of cells just under 
the pericarp, is filled with aleurone and is rich in protein. 



Fio. lOG.—Storage cell vath aleurone graina. Throe of these have both a crys- 

talloicl and a globoid. 

Proteins arc much less abundant as rcser\'c foods than arc 
carbohydrates and arc relatively poor energy producers, but 
their composition makes them far more effective than any otlier 
foods in the construction and renewal of living substance. As 
“tissue builders” proteins therefore play a vital part in the 
nutrition of plants ami animals. The submicroscopic structure 
of protoplasm seems to consist of a netw ork of delicate fibrils 
formed of long protein molecules. 

One of the chief problems in nutrition, not only of man but 
of other animals and of plants, is to obtain a sufficient supply 
of these valuable proteins. Although nitrogen constitutes 
four-fifths of the atmosphere and is thus one of the most abun¬ 
dant of elements, the great majority of organisms cannot utilize 
it directly in nutrition. A few bacteria, however, living in root 
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tubercles or in the soil have the fortunate ability to do this and 
are therefore of great significance in the economy of nature 
(p. 78). Their presence on the roots of only one of the larger 
families, the legumes, gives this family a particular importance 
in agriculture and in nutrition. Why these most useful bacteria 
have not become associated with others of the higher plants 
provides a difiicult evolutionary problem. 

Most plants can use nitrogen only when it is present in nitrate 
or ammonium compounds, but from the union of these with 
carboliydratos they cai\ form the amino acids from which, in 
turn, come the enormous variety of plant proteins. Animals, 
save ill a very minor degree, cannot even use nitrate salts but 
must take their nitrogen only in the form of amino acids. These 
are provided by the digestion of proteins. From the amino 
acids animals can synthesize the great variety of animal proteins. 
Ihiderlying the whole economy of protein nutrition are the facts 
that plants perform the basic syntheses whereby all the simple 
organic compounds of nitrogen arise, and that a few bacteria 
are the sole means whereby a fresh supply of uncombined 
nitrogen enters the organic cycle from the atmosphere. 

With all these restrictions on the availability of nitrogen, 
it is not strange that proteins are more likely to be deficient 
in the diet of man and his domestic animals than are carbo¬ 
hydrates. Meat, milk, eggs, and other animal products arc 
relatively expensive and inefficient sources as compared with 
plant proteins, though for other reasons their importance in 
nutrition is great. Leguminous crops have long been recog¬ 
nized as good sources of protein and thus as substitutes for 
animal food. Animals from the sea, notably fish, wliich serve 
to concentrate the vast amounts of protein synthesized by minute 
marine plants (p. 690) also provide important protein supplies. 
More recently the very great activity of some lower plants, 
notably certain yeasts (p. 527), in making proteins is being used 
to provide an important new source of protein feeds for domestic 
animals which may ultimately be of great significance in human 
nutrition. 

Digestion.—During periods when photosynthesis and absorp¬ 
tion are taking place, the foods necessary for the growth and 
activity of the plant may be derived directly from these sources; 
but when a young plant is becoming established or a new season’s 
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growth being made, it is essential to have an abundant supply 
of reserve food a\ailahle. -VJl healthy plants thus store up a 
considerable amount of food in roots, sttuns. rhizomes, seeds, 
and other storage organs. Most of it. howe\’er, is insoluble in 
water, a condition of obvious a«lvantage to the plant while the 
food is l>eing store<l but which prt'vents its absorption or use. 
Since the physioh)gical proces.scs of a plant are concerne<l almost 
entirely with substances which are in solution, it is evitlent that 
before such insoluble footl rcser\ es can be moved within the j)lant. 
and before they can be a.''.''inulated int«> li\ ing protoi>lasm, 
they must be ma<le soluble, 'bhi-s process of con\’erting an 
insoluble f(>od iitto soluble form, or a chemically complex food 
into a simi^ler one, is known as ilujeatiou. 

Enzymes .—Ihe changes occurring in tligestion are brought 
about through the activity of certain liighly important but little 
understood substanc(>s known as enzymes. ICnzymes belong to 
that g(*neral group of chemical bodi(*s known as catalysis which in 
some wny are able to alter the rate at which a chemical reaction 
tak<;s place. They do not initiate the change but seem to be 
able to cause it t<) proceed at a higher .spc'cd. ('atalysts are 
pre.serd in Ncr^’ small amounts in comparison with the quantity 
of material dianged arid <lo not enter into permanent union 
with any of the substances taking part in the reaction, nor <lo they 
contribute energy for the proce.ss or become consumed as a 
result of their activity. 

Enzymes are specialized eatalysts produced by living organ¬ 
isms. They arc very diflicult to obtain in pure form and to 
analyze chemically, but the cvi<lence indicates that they are 
protein in composition and colloidal in character. They have 
roughly the same range of optimum and maximum temperatures 
for their activity as do organisms and are all destroyed at lOtrC. 
They may be “killed" by certain poisons. One remarkable 
feature of enzymatic changes is that they go on at ordinary 
temperatures, whereas to imitate them in the chemical laboratory 
often requires the use of high temperatures and strong reagents. 
Enzymes are often reversible in their action. Thus, lipase under 
some conditions will act to break down fats into fatty acids and 
glycerine, but under other conditions it will result in the synthesis 
of fats from these two constituents. Very many of the physio¬ 
logical changes—perhaps all of them—which go on in a living 
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organism arc activated by enzymes, and these bodies therefore 
assume a very great importance in metabolism. They are most 
familiar an<l have been most intensively studied, however, in 
connection with the process of digestion. 

A digestive process is almost always one of hydrolysis, where 
the material is made to take up water and is then broken down. 
The basic chemical change in the digestion of starch into a simple 
sugar is thus as follows: 

C’eHioOs + IIjO = C’elljaf^e 

Fats, in a similar way, arc broken down into fatty acids and 
glycerine, and proteins into their constituent amino acids. 
Tliese changes are all activated by enzymes, but they are specific 
in character, and each type of digestion requires the activity of 
a different type of enzyme. 

Enzymes may therefore bo chussified according to the type 
of food which they tligest. Among those breaking down car¬ 
bohydrates is sucrasc, or invertase, which digests sucrose to 
glucose and frvictose, thus: 

SiuToso Cilucosp Fnictose 

C’lsllaat-^n + II2O = + CsHisOo 

Diastase, the first enzyme to be investigated, was identified 
more than a century ago. It converts starch into maltose, 
thus: 

Starch Maltose 

2(C'6lIio06) + riaO = CiaFIaaOii 

'Phis process consists of a number of steps and probably 
involves a number of different enzymes. Maltose, in turn, is 
usually broken down almost immediately by maltose to glucose, 
thus: 

Maltose Glucose 

+ H 2 O = 2(CftHi206) 

The celluloses are digested by a series of enzymes known 
as celluloses, or cyta^es, which are secreted by the cells of wood- 
destroying fungi and some other plants and are ordinarily rather 
slow in their action. 

Enzymes tvhich digest fats are known as lipases. These are 
all very similar in their action, but those from different plants 
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often show minor but constant differences whicli prove that they 
are not exactly identical. 

Proteins arc tlige.>ted by proteases of various types. Pepsin 
hydrolyzes proteins to ii»torinc<liate products, the j>ri;teo.scs, or 
peptones; and trypsin carries tlie process further with the 
ultimate production of amino acids. 

These various enzymes are ordinarily pro<luced within plant 
cells, and it is there that the res<‘r\ e food is storetl and digestion 
takes place. In insectivorous plants and funt^i, however, 
enzymes are secreted by the plant an<l do their work outside the 
plant body, which then absorb.s the products of digestion. 

Assimilation.—After u food has been digested, if must then 
enter the protopla.sm of a cell and become an integral part of 
the living substance. 'I'liis prt)cess is known as assjynilation 
and is the central problem of metabolism. From the acti\ities 
of protoplasm it is clear that tins remarkable material must bo 
very comple.x, both chemically and physically. It is highly 
unstable and is continually undergoing processes of construction 
and destruction. Although one can trace with some conlidence 
the entrance into protoplasm of certain comparatively simple 
substances and the departure therefrom of others <*<iuully simple, 
little is known as to the happenings which take place between 
these two events. It is here that tlead matter becomes alive 
and that inert food substances become endowt‘d with the unique 
properties of living protoplasm. This change never (U’curs 
spontaneously in nature but is always brought about through 
the activity of protophism already c.xisting, all the evidence at 
hand indicating that life always comes from life and in no other 
way. Although this proces.s is going on continually in every 
living plant and animal, man has as yet been unable to nuuster 
its intricacies or to bring it to pass in the laboratory. 

Respiration.—Those physiological changes which involve the 
progressive elaboration of organic substance reach tlieir climax 
in the production of protoplasm. This constant upbuilding 
and renewal of the living material is succeeded by an equally 
constant process of disintegration, which results in the liberation 
of energy and which usually is accompanied by the intake of 
oxygen and the outgo of carbon dioxide. This general process 
is termed respiration. 

Before entering upon a detailed study of this important phase 
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of plant physiologj- one should understand clearly the phenom¬ 
ena involved in the energy relations of the plant, to which not 
only the process of respiration but also those of food synthesis and 
nutrition essentially belong. Like every other living thing, the 
plant is continually active. This activity shows itself in move¬ 
ment of various sorts; of the plant body as a whole, of the sub¬ 
stances within it, of atoms and molecules during those chemical 
changes which are always taking place in living cells, or of plant 
ti.ssues in the phenomena of growth. These various movements, 
the maintenance of which is necessary if the plant is to remain 
alive, reciuire the expenditure of energy, as do all movements of 
matter; and one of the chief problems in the economy of the 
plant, as in the operation of any machine, is to obtain an adequate 
supply of energy and to liberate it at the proper times and in 
the proper places. 

Kinetic ami Potential Energy .—Energy exists in the universe in 
two forms: active, or kinetic, and stored, or potential, energy. 
Kinetic energy performs work by setting matter in motion, 
by changing its position, by raising its temperature, by producing 
(diemical alterations within it, or in other ways. Potential 
(•nergy is inactive energy, stored up in an object by virtue 
of the position or condition of that object. Potential energy 
exists in a stretched spring, in a bent bow, in the water of a 
mountain stream, in a charged battery, in a piece of coal, or 
in an explosive. It is present in an object only as the result of 
the previous expenditure of kinetic energy upon that object. Care 
should of course be taken not to confuse this “storage” of energy 
with the storage of food or any other form of matter. The 
presence or absence of a supply of stored energy in a given body 
merely affects the relations between its parts and does not alter 
in the least the bulk of the object or the amount of matter which 
it contains. One needs to remember only that a bent spring 
weighs no more than an unbent one or a charged battery than an 
uncharged one. Energy and matter, at least in ordinai'y experi¬ 
ence, are fundamentally distinct. 

Release of Stored Energy .—The potential energy in an object 
may at any time, under an appropriate stimulus, become con¬ 
verted again into kinetic form and do work, as when the com¬ 
pressed spring moves the mechanism of a watch, the bow moves 
an arrow, the falling water moves a mill wheel, the battery moves 
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a telegraph sounder, the burning coal converts water into steam 
whiedi mo\es a machine, or the e\plosi\e moves a projectile. 
In all of these caM*s. if long enough continued, the supply of 
stored energy is finally e.xhausted, and motit)n ceases. In this 
process of com-erting potential into kin<‘tic energy o>- the re\eise, 
no energy is gained or lost, the total amount la-maining constant. 

A machine is anything which controls ami tlirects tlu* liberation 
of energy .<o that work of a partic\dar kind is done at a particular 
place and time. One of its prime neces>ities is an ample supply 
of potential energy, and in the machines which are mo.st familiar 
thi.s i.s at uilable in the fonn of wooil, coal. oil. or sttjred electricitN’. 

to 

The living organi.siu resembles a machine in the facd that it, 
too, directs the expenditure of energy, and it therefore neetls a 
plentiful supply of thi.s energy in potential form which it may 
libeiate, in the process of respiration, at any point throughout 
its l)f)dy for tlie perfoirnanco of its main* acti\ities. 'Ihe fuel 
which t.h(‘ organic machim* \»ses in this proccs.s is known as food, 
and th(‘ jjotential energy within this foo<l came originally from 
the kinetic; energy of sunlight and wjus converted into potential 
form by j)hotosynthe.sis in the grcaui cells of the h*af. h'ood 
resembh's wood, coal, or oil in being a somewhat unstable chem¬ 
ical (;omj)ound which, through the addition of o.xygcui, will 
l)reak down and rcsi)lvo itself into simj)Icr cajmponents, ulti¬ 
mately carbon dioxide and water, and by this means release the 
potential encTgy that it contains. This proce.ss of oxidation is 
common in nature. In ordinary fuels it takes place only at high 
temperatures and is then known as combustion. In living 
organisms it can go on at much lower temperatures and here is 
knf)W'n as physiological combustion, or respiration. In their 
essential feature—the liberation of energy in kinetic form by 
the breaking down of comi>lex and unstable chemical compounds 
into sinjpler ones through the addition of oxygen—respiration 
ati<l combustion are essentially similar. 

A machine is supplied with fuel (its “food”) by an operator, 
and an animal obtains its food by seizure, but the foot! whieli a 
green plant eonsnines must be secured through the plant’s own 
activities. The significance of the food-making process called 
photosynthesis is now more evident than before. The kinetic 
energy which the plant, through its chlorophyll, absorbs directly 
from the light of the sun is here used to do the work of breaking 
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up carbon dioxide and water and reuniting these atoms into the 
simple food glucose. The energy expended in accomplishing 
this union is obviously stored up in potential form in the molecules 
of glucose and of the other foods or plant materials which may 
be derivc<l therefrom, just as the energy expended in winding 
a clock is stored up in the compressed mainspring. Under 
appropriate conditions this potential energy may be liberated 
anywhere anti at any time to do work in any organism. One 
of the most important principles of physiology is thus made 
evident—that food is merely the metlium by which energy 
received from the sun intermittently and only in certain exposed 
organs is stored up, carried to all parts of the plant (or animal), 
and matlo available for work at all times and in all places. This 
conception has been formulated concisely in the metaphor that 
“footl is a ‘storage battery,’ charged in green leaves by the sun 
and discharged in the body by respiration.” Relatively little 
energy is lilauated by plants in compaiison to animals, since 
the latter are much more active. A man, for example, requires 
about 2500 calories of energy per day, far more than an equal 
weight of plant material will liberate. In a gallon of gasoline 
there are about 26,000 calories, enough to last a man ten days 
l)ut a plant of the same size much longer. 

With an understanding of the significance of the plant’s energy 
relationships and the part which respiration plays therein, a 
more detailed study of respiration itself may be undertaken. 
This process, unlike photosynthesis, is not carried on in particular 
organs and under particular conditions but is universal, taking 
place under all conditions and in every living cell. Respiration, 
indeed, is believed to be a necessary accompaniment of life 
itself, as might be inferred from the fact that living protoplasm 
is continually active and is thus continually expending energy. 
Even in cells which show no other external signs of life, respira¬ 
tion, though very feeble, may still be detected. The amount of 
respiration which takes place is a rough index of the activity of 
the cell, organ, or organism studied, being relatively high in 
active tissues and relatively low in dormant ones. 

Aerobic Respiration.—Most respiration in plants, as in animals, 
requires the presence of free oxygen, usually available from the 
abundant supply in the atmosphere. Much abbreviated, its 
chemical reaction may be written thus: 
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Carbon 

Glucose Oxygen Dioxitlo Water 

CoH.sOe + 60 c = 6CO2 + GH2O 


This reaction, however, pre.seiils an t)vot>implihetl picture 
of the process of respiration. Aluch more is inx’oh'ed than 
when sugar is burne<I in a furnace and l^rokiui down at once into 
carbon dioxide and water. In protoplasm this ultimate result 
is acconip)lished in a far more intricate fa.shion tlnough a chain 
of succe.ssive reactions each c«>ntrolle<l by an enzyme or eiizynu* 
system. Of the enzymes involved some of the most important 
are the zymast‘S, which break <lown simple sugars to carbon 
dioxide and alcohol; the oxidases, winch bring about the oxidatioit 
of organic compounds by the addition of free oxygen, lii-st by 
forming hydrogen peroxide and then by transferring the o.xygen 
from the peroxide to the organic compound; the catalases, which 
break down hydrogen peroxi<le to water and oxyg«‘n; and the 
hydrogenases, whicli pass hydrogen along from one substance to 
another until it unites with free i>xygen to f(irm water. Inter¬ 
mediate products of \ arious kinds may be found and the whole 
process is a veiy complex one. d'ho series of reactions may be 


different in different plants an<l in tlie same plant under different 
conditions. 

The materials from which energy' is liberated itt aerobic respira¬ 
tion arc chiefly tlie simple carbohydrates, and to such forms most 
other foods are <*onverted if they arc to enter the respiratory 
process. Proteins, though their chief function is constriu'tive, 
undoubtedly also contribute to the supply of oxidizablc sub¬ 
stances. Whatex'er nitrogenous waste material is given off in 
their disintegration, however, mu.st immediately be assimilated 
again, for (at least among the higher plants) nitrogenous com¬ 
pounds do not appear among the products of respiration. 

Carbon dioxide is almost invariably a pro<luct of all respiration. 
Indeed, the evolution of this gas, even in minute amounts, is 
regarded as proof that the organism is respiring and therefore 
alive. The amount of oxygen taken in and the amount of carbon 
dioxide given off are in the long run equal though under certain 
conditions one may temporarily exceed the other. 

Much of the energy liberated in the process of respiration 
is in the form of heat, and a respiring organism therefore tends 
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to raise the temperature of its environment. In plants, however, 
this becomes dissipated so quickly that it does not produce a 
“body temperature” as in the higher animals. Be.sides heat, 
however, other forms of kinetic energy may be liberated such 
as chemical energy, mechanical energy, electrical energy, and 
even light. These are concerned with the great variety of 
movements and chemical changes which take place in tlie plant 
hotly, in somewhat the same way that the energy liberated from 
burning coal in a factory boiler may not only run the machinery, 
but pro^’idc light, heat, refrigeration, and water pressure. 

Hy comparing the chemical etjuations for photosynthe.sis and 
aerobic respiration, it will be seen tliat one is the precise reverse 
or reciprocal of the other. Photo.synthesis adds carbon dioxide 
to water and produces sugar and oxj’gcn. liespiration adds 
oxj'gcn to sugar and produces carbon dioxide and water. These 
two proce.sses actually may be going on in the same tissue at the 
same time, a circumstance which has made the study of plant 
metabolism peculiarly difficult, since one activity may mask the 
other. Photosynthesis, however, is confinctl to the chlorophyll- 
bearing cells and occui-s in them only in the presence of light. 
In such cells there is a preponderance of photosynthesis in the 
daytime and of respiration at night. For a brief period in 
the morning and again in the evening, and for longer times 
when illumination is low or other conditions unfavorable for 
photosynthesis, the two processes may balance each other 
exactly, the tissues giving off in photosynthesis just the amount 
of oxygen which is necessary to carry on their respiratory 
activity. Respiration, unlike photosynthesis, occurs in every 
living cell. 

Comparison between Photosynthesis OTut Aerobic Respiration .—A 
brief comparison between photosynthesis and respiration is 
presented in tabular form below: 


Photosynthesis 
Stores energy 
Absorbs carbon dioxide 
Liberates oxygen 
Takes place only in green plants 
Takes place only in chlorophyll-bear¬ 
ing cells 
Constructs food 
Increases weight 


Respiration 
Releases energy 
Liberates carbon dioxide 
Absorbs oxygon 

Takes place in all plants and animals 
Takes place in all living cells 

Destroys food 
Decreases weight 
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In its essential characteristics—intake of oxygen, liberation 
of energj’, and raising of temperature—the aerobic r('si)iration of 
plants is exactly comparable tt> the respiration of animals, a 
fact which the complexities of plant metabolism sometimes 
obscure. 

Those pioneers in the study of photosynthesis. Ingen-Housz 
and de Sau.ssure, also made the first stej)s toward our mo<lern 
understanding of respiration. The former in his studies on the 
purification of air found in 1774 that fruits, flowers, ami other 
nongreen plant structures rendered “impure” the air around 
them, just as did animal.s, and that green plants in the <lark 
produced the same result. De Saussure in 1804 showe<l that 
under proper conditiorts plant.s absorb oxygen and given off carbon 
dioxide and water and that thi.s respiratory acti\'it 3 ' is the same 
in plants and animal.s ami is important in their growth and other 
acti\'ities. 

Anaerobic Respiration (Fermentation).—-.\naerobic respira¬ 
tion, in which the breaking down of chemical compounds and tlie 
consequent liberation of energy' are not a<‘Companied by an intake 
of free oxygen, is eharacteristic of certain lower plants and some¬ 
times of higher ones when temporarily deprived of o.xygen. 
The best known examples of this process are alcoholic fermenta¬ 
tions and allied phenomena. The.se were named “fermentations” 
from the fact that the activity of ferments (now more commonly 
called enzymes) was here first clearly shown, 'rhere is con¬ 
sequently a confusion in the application of the term fermentation, 
the commonest usage regarding it as practically synonymous 
with anaerobic respiration, the other e.vpanding it to cover all 
activity brought about by the agency of enzymes. 

The most important characteristic of anaerobic re.spiration is 
the fact that it docs not lead to a complete breaking down of the 
organic substance or food but only to its partial decomposition, 
with the result that a (piantity of more or le.ss complex by-prod¬ 
ucts are necessarily formed which still contain a considerable 
amount of potential energy. The accumulation of these by-prod¬ 
ucts often stops the process itself. 

The first steps in both aerobic and anaerobic respiration are 
probably similar, but in the former process the intermediate 
products formed are ultimately all broken down into carbon 
dioxide and water. 
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The fermentation of sugar by yeast is the classic example of 
anaerobic respiration. The yeast plants—minute, single-celled 
organisms—thrive in rather weak solutioos of sugar. Those 
which have easy access to the air usuallj respire aerobically, 
but if the supply of free oxygen is limited (as is the case anywhere 
below the .surface of the liquid) or if it becomes exhausted, the 
yeast respires anaerobically. Tlie cells now obtain their energy 
through a partial decomposition of the sugar, with the formation 
of carbon dioxide and a complex by-product, ethyl alcohol, thus: 

C’arbon 

Glucose dioxide Alcohol 
CflHuOe = 2CO2 + 2C2H6OH 

It is evident that only a portion of the potential energy in the 
sugar has been liberated, for the resulting alcohol may be 
absorbed by another organism or may be burned and will then 
yield a considerable amount of additional energy. When the 
concentration of alcohol has reached a certain point, it poisons 
the yeast plant, and fermentation ceases. 

The respiration of other minute plants may also bring about 
alcoholic fermentation, and still others produce fermentations 
of different types, such as those having for their by-products 
butyric acid (in the spoiling of butter), lactic acid (in the souring 
of milk), and various others, many of which are of economic 
importance. In all these cases energy is liberated and may be 
detected by the consequent rise in temperature, which is often 
more marked than in aerobic respiration. 

Certain microorganisms are exclusively anaerobic and are 
actually killed by the presence of free oxygen. Others, like yeast, 
may respire either aerobically or anaerobically, depending upon 
the external conditions. 

The decay of dead organic matter is due almost entirely to the 
respiration of microorganisms. If the material is exposed freely 
to the air, bacteria ^vill break it do^vn rapidly and completely 
by their aerobic respiration. If free oxygen is unavailable, as 
is the case mthin a large mass of dead organic material, the 
process is carried on anaerobically and is slower and more 
complicated. Here a whole series of microorganisms, each 
specific in its activity, are successively concerned. One type 
wll break do\NTi the organic substance partially, extracting a 
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certain amount of tiio potential enei-g;\’ which it contain.^ In ii^ 
altered cliemical .state and with its diminisluHl .>^upply of t'ncixv. 
the remaining material is now seized upon by another type of 
mienxuKanism and, ent<‘ring into the anaerobi<- respiration of 
this form, is broken dt)wn still further and loses still more of its 
potential energ>'. This process c(»ntinues until finally the whole 
of the material (except it.s mineral const it uent.s) passes into the 
atmospliere as carbon <lioxide, water, and nitrogen, the original 
materials out of which organic substance is constructed. 



I IG. 107.—K.ssontial cloiiu'iits for plant riuirihon. Wator <'ultnrc# of tohm ro 
in full nutrioiit M>lution (0). an<l (I) without iutrog<*n; (2> without pho?^phoru.s; 
(3) without ixUnKMiviJii; M) without ralc'iurn; (5) Mthout tnagno.siuin; (7> without 
l>oron: (S) witJiout .sulphur; (\}} mthout luungunoMo; (10) witluuit iron. (From 
sMaxtmor.) 


Roles of the Essential Elements in Metabolism.— In the 
production and successful functioning of protoplasm, the four 
elements thus far emphasized—carbon, hy<lrogen, oxygen, 
and nitrogen—are of basic importance, but there are a number 
of otliers which are vitally ncce.ssary, though in small amounts, 
and which thus have an e.s.sential place in plant metabolism. 
Chief among these are sulphur, phosphorus, calcium, magnesium, 
potassium, and iron (Fig. 107). The part played by each is 
specific, but in only a few cases is it at all completely understood. 
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Phosphonis enters into the composition of the nucleic acids, 
which are known to ])o important in certain activities of proto¬ 
plasm, especially in coll <li\’ision and other processes associated 
with the chromosomes. Sulphur is a constituent of many 
proteins. It apparently stimulates the development of the 
root system and is imjjortant in the production of chlorophyll. 
C’alcium is essential in some way in the translocation of food 
within the plant and in the development of the middle lamella. 
It is also useful in regulating acidity and reducing the toxic 
efTcct of various single elements by the formation of balanced 
nutrient solutions. Magnesium is a constituent of chlorophyll. 
I’otassium in .some unknown manner plays a vital part in photo¬ 
synthesis and also appeal's to be necessary in mitosis. Iron is 
present only in minute quantities but is essential in the production 
of chlorophyll, and plants grown in its absence become pale and 
soon die. Strangely enough, however, iron does not enter into 
the composition of the chlorophyll molecule. 

In addition to these ten elements, various others have been 
shown to be necessary for plant growth. Among these are 
zinc, silicon, chlorine, boron, and manganese, and there are 
probably others. These are efTective in extremely minute 
(piantities. Thus the tUfTerence between a nutrient solution 
which has no zinc in it and one which contains only one part 
in 200,000,000 can be detected by the improved growth of 
certain plants in the latter. These elements may serve as 
enzymes or as accessory food materials, but their role in most 
cases is still very obscure. The demonstration of the physiologi¬ 
cal importance of so many chemical elements further emphasizes 
the extreme complexity of plant metabolism. 

Vitamins and Plant Metabolism.—Vitamins have for some 
time been recognized as essential factors in the nutrition and 
metabolic activities of animals, but it is only recently that 
botanists have discovered that these remarkable substances 
are also necessary for the life of plants. Furthermore, most of 
the vitamins are now known to be synthesized by plants, and 
thus assume added importance in plant physiology. 

Vitamins belong to that group of substances to which the 
plant hormones, some of the mineral elements (such as zinc and 
boron), and certain other materials belong, which are essential 
for the proper functioning of the plant body but only in exceed- 
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ingly f?mall amounts. The growtii of a strain of yeast plants, 
for example, has been shown to be doubled by the a<ldition 
to the culture medium in which they aie growing of only one 
part in 50 billion of the N’itamin biotin. 

'Hie vitamins are classine<i roughly into groups according 
to certain chemical aiul physiological characteristics, \ itamin 
A, which is fat-soluble. i.s essential for animal growth an<l espe¬ 
cially for healthy vision. It is clo.sely related to the y<*llow 
pigment carotene, always a.ssociated with chlorophyll, arnl is 
produced only by green plants. The role of these pigments, 
and thus of vitamin A, in plant physiology’ is not well undei-stood. 

The B group of vitamins, which are water-soluble, are also 
synthesized only by plants, though not necessarily by green 
ones. Thiamin (vitamin 15,). riboflavin (Bs), pyridoxin (Bj), 
nicotinic acid, and biotin are all members of this group aiuleach 
is known to play an important part in animal physiology’. Thus 
a deficiency of thiamin produces characteristic nervous elTects; 
that of riboflavin, certain skin and eye disorder.s. and of nicotinic 
acid, the disease known as pellagra. These B vitamins have 
also been found to be necessary for the life of plants of all sorts, 
from bacteria and yeasts to angiosperms, and are, therefore, 
particularly important in a study of plant metaladism. 

Vitamin C, or ascorbic acid, is well known as the preventative 
of scurvy. It also is synthesized by plants and has been .shown 
to be essential for plant growth. 

Exactly why these vitamins are necessary’ in plant metabolism 
is not well known, but the role played by some of them is begin¬ 
ning to be understood. Thiamin, for example, is identical with 
cocarboxy’lase, a portion of the enzyme carboxy’lase which con¬ 
trols one of the complex chains of reactions in re.spiration. 
Riboflavin and nicotinic acid also are concerned in some way' 
with other parts of the respiratory process. 

Important information as to where and how vitamins are 
synthesized, especially those of the B group, has come in recent 
years from studies in the physiology' of plants of all sorts, but 
particularly of the fungi. Plants differ markedly in their syn¬ 
thetic abilities. Thus one of the simple molds, a species of the 
genus Phytxtmycea, will not grow even if all the ordinary essential 
substances are placed in its nutrient solution unless thiamin is 
also added. Evidently this fungus cannot synthesize thiamin. 
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but rosoinbles ati animal in recjuirinji a of it from outside 

sourcos. A molocule of thiamin consists of two simpler molecules, 


one of thiazole and one of pyramidine; and this mold will f^iow 
u<‘l! if si\en those two sjibslances. It th(*r(‘fore can synthesize 
thiamin from tlu*se two compomuits. but cannot make either of 
them fi'om simph'r substances. Soin<‘ plants can ."ynthesiz(‘ 
thiazole but not pyramidine, as is shown by their ability to 



lui. lOS.' in u > ivi.st. ^itcchnromijci s oi iformis. 1 Ins wiis 

Krowti for 72 tiovns in (\n>c.s of miliit-nt nuHliii otmtiuniim tin* soveii vitutnins, 
lutidoxin (/M. rilioHavin (B.>. nisnin. jmntolInMiic iuu\. inositol, biotin, ami 
thiamin (Bi); in llu* iibsomo of all of them; in the ab.senoo of earh one of the 
M*von: iiU<\ ill |)ro>ciu*o of Uvn i*xtrai’t, 1 ho iiniount c»f Kiiiwtli in imlicatoii 
by the turbidity of the tul>os. This partieular yeiust evidently will not ftrow if 
p>Tidoxin. pantothenic acid, or biotin is larkine, and thtis prcsunmhly cannot 
synthesize these vitamins. It prows in the absence of riboflavin, niacin, iiu>sitol. 
and thiamin, showinp that it ran make the.so substances. It prows best if liver 
cxtrai t is atldc<l. siippcstinp that this contains still other snhslances that stimu¬ 
late prowth. {From P. R. Burkholder.) 


when supjilietl onlj" with pyramidine. Others form pyramidine, 
Imt not thiazole. Still others can do neither, but require the 
complete thiamin molecule if they are to grow at all. 

This di^■ersity in the power to synthesize thiamin and its 
two major components was perhaps to be expected among 
fungi, which are difTcrent in many aspects of their metabolism 
from the higher plants, but it might be supposed that the living 
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material of preen plants would always he able to make flu- 
essential Mihstance Pieces oi tomato r*>nt< <-ulturc<l witli ^upar 
an<l the essential mineral >alt- will pmw iiul.-tmitelv only il a 
small amount of thiamin i> al-o a\ailahle. I,\nlentl>' the toot 
in thi> species rer|uires tin* \itamin ju-t a^. do<-- an animal, ainl 
obtain.- it by tian>ler Iroin tin* >t(*m ami leav e-, w licre it i- 
synthesized. '1 hu- the r(;ot i.- depeinlent on the.shoot for botli 



I'X** 10 1. LITimi of of CHiriorul nutiionts of 

loniuto root - urowii for >evcMi eJav^* fn^m Miiall l>its of in liifFirt ril conron- 

tradooH of |>iios|ili<»ru.s. At oxtroroo Irft, no |ihoM|>lioru>. TowarO riKlit, roots 
icrf>wn wifli incresisinir amounts* of this vloinctit. Orowth evidently i> 
vvhc-fi s^ho.-tf)l»r>rii.s i.s i>ri‘*ont in too Mnall or too grout ariiount.s. (fourdav of 
I\ /^ HVitft.) 

carbohydrates and thiamin. Most green plants .seem able 
t<j produ(;o all of this vitamin which they ni'ed, and only under 
exce|>tion.'il conditions, when tln-ir own synthesis is low, will 
additions from without prove olVeclive. 

A comparison of the root growth of various species of grc<*n 
plants in tissue culture show.s that among these, too, there is 
mueli diversity of requirements not only for thiamin but for 
other members of the IJ group of vitamins. Thus for maximum 
growth of flax roots, thiamin seems to be necessjtry; for peas, 
radishes, clover, alfalfa, and cotton, thiamin and nicotinic acid 
are retjuirecl; for carrots, thiamin and pyridoxin; for tomatoe.s, 
.Jim.son weed, and sunflowers, thiamin, nicotinic acid, and 
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pyridoxin. There is sonic diflorence of opinion among various 
workers as to the recpiiroments of particular plants, but there is 
agrc'Cinent on the general fact of dii’ersity. 

The inability of certain plants to synthesize a particular 
vitamin lnake^ po.oible the measurement of very small quantities 
of it . Races of >'east in which such deficiencies have been found 
are jiarticularly useful (Tig. lOS). A certain yeast, for example, 
is unable to make pyri<loxin. an<l even if all the materials ordi- 



Fig. IIO.—Culture of alviTi cnllus of tobiirco on imtriout acar, six weeks after 
trniisftT to new medium. of Deportment of Plant Pathology^ Univ, of 

Wiecon^in.) 


narily reciuircd are added to the nutrient solution, its cells will 
not grow and multiply unless a little of this vitamin is added. 
The amount of its growth in a given time, as measured by the 
increasing cloudiness of the culture solution, is proportional to 
the amount of vitamin added. If to such a culture solution, 
lacking pyridoxin, a given amount of material to be tested—let 
us say some food—is added, the amount of growth shown by the 
yeast culture can be used as a measure of the amount of this 
particular vitamin in the food. By this method very rapid and 
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accurate assays of all sorts of food materials maj' now be made 
for the B group of vitamins. 

The study ol vitamin metabolism in plants ha.s pro\'cd to be 
of importance not only for problems of nutrition but because of 
the information wliieh it has yielded as to some of the basic 
activities of protoplasm, notably those concerned with respira¬ 
tion. The fact that certain of the vitamins perform the same 
essential functions in the metabolism of both animals and plants 
furnishes another example of the fundamental similarity in the 
physiological processes of all living thing.s. 

In metabolic problems the recently developed technique.s for 
the culture of organs and tissues of the higher plants are very 
useful. Bits of roots (Fig. 109) will grow indefinitely in sterile 
cultures if j)rovide<! with necessary chemical substances (sugar, 
mineral salts, ami es.sential vitamins). Bits of callus and similar 
unorganizcil tissues can also be grown in this way (Fig. 110). 
By modifying the nutrient medium, the metabolic recpiirements. 
as to mineral salts, vitamins, and other substances, of such 
parts can be determined. 

QUESTIONS FOR THOUGHT AND DISCUSSION 

336. Which of the three main tyf>es of food makes up the largest part 
of the diet of uniinala and man? 

337. Whut advantage is it to the plant to have its carbohydrate food 
stored chiefly in the form of starch rather than as sugar? 

338. Whut evidence can you present that the change of sugar to 
starch does not require light? 

339. What advantage has a tuber crop (like potutoe.s) over a seed 
crop (like beans) a.s a producer of foocl? 

340. Plant products a.s widely different a-s wood and cotton are used 
to make rayon and cellophane. What do they have in common? 

341. What is it that makes fats very concentrated foods? 

342. Why are proteins “far more effective than any other foods in the 
construction and renewal of living substance”? 

343. In general, per unit of food content, protein foods derived 
directly from plants are much less expensive than those derived from 
animals. Explain. 
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344. WHiy do plants belonging to the Legume family usually contain 
more protein than most plants? 

346. A small bit of growing root tip, cut off an<l placed in a solution of 
sugar and the essentia! mineral salts, will grow into a large mass of roots. 
Wliat does this indicate as to the location of protein synthesis in plants? 

346. How would you prove that green plants do not take nitrogen 
from tlie air? 

347. Criticize the following statement: “The food of animals consists 
of organic material, whereas that of plants consists of mineral salts.” 

348. Where and when in a plant would you expect digestion to take 
place most vigorously? 

349. Wlmt prevents stored food from being digested at once? 

360. What important difference is there between the process of 
digestion in plants and the process as it most commonly occurs in 
animals? 

361. In what way do the insects captured by an insectivorous plant 
become available to it as food? 

362. Why <lo parsnips taste so inueh sweeter in early spring than in 
the previous fall? 

363. Why are vegetables like pejis and sweet corn much sweeter in 
their young and immature state than when they grow older? 

364. Mai>!e sap is very sweet in the spring but contains almost no 
sugar in the summer. Explain. 

366. Certain fungi attack wood, their very delicate, thread-like 
branches penetrating into the hard, woody tissues and destroying them. 
How is it possible for them to do this? 

366. Give three examples from every-day life (aside from those 
mentioned in the text) of the conversion of kinetic into potential 
energy and its subsequent release again in kinetic form. 

367. In what respects is the conversion of potential to kinetic energy 
which takes place by burning sugar in a flame similar to that which takes 
place when sugar is broken down by respiration in the plant? In 
what respects are the two processes different? 

368. Just where in the plant body is kinetic energy changed into 
potential energy, and just where is potential energy changed into 
kinetic? 
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359. Whut was the original source of the heat lil>erate(l in the burning 
of wood? Of the ciiergj- used in drinng an automobile? 

360. What important sources of energ\- used by man in his industries 
owe their origin to photosynthesis? Which ones do not? 

361. Is the sum total of photosynthetic actiWty or of respiratory 
acti%ity the greater in a normal green plant? How do you know this? 

362. Li.st as many waste products of plant metaboli.sm as you can. 

363. Wliy is an excretory system, so common in animals, absent in 
plants? 

364. How is it po.ssible for o.xygon to enter a living cell from the air? 

366. hrom your knowledge of i)lant anatomy, what structures do 
J'ou think are chiefly concorne<l in the entrance of oxygen from the 
air into (I) a young, growing root; (2) a leaf; (3) a woody twig; and (4) an 
old trunk? 

366. Lenticels are often oppo.sitc the ends of the wood ray.s. Of 
what advantage is this position to the plant? 

367. How <lo submersed water plants obtain oxygen? 

368. Plants which live in bogs or very wot places usually have largo 
air chnml)ers in their tissues, particularlj* in roots or other .‘subterranean 
parts. Explain. 

369. Do you think that growing plants are good things to have in a 
sickroom? Explain your answer. 

370. If a plant were to be grown in air which had been freed of ox-j'geii, 
would it live longer in darknc.s.s or in light? Explain. 

371. A seedling plant which has sprouted and grow'n in a dark place 
mil have a dry weight which is actually less than that of the .seed from 
which it grew, although the bulk of the seedling is far greater than that 
of the seed. Explain. 

372. Seeds in the hollow’ cavity of a ri|>e jiumpkin will not germiimte 
there, but will do so readily if removed from the fruit, or if the fruit is 
cracked open. E.xplain. 

373. Why is it physiologically impossible for a seed to maintain its 
vitality and germinating power indefinitely? 
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374. How would you determine accurately the rate of photosynthesis 
in a plant or organ, making allowance for the simultaneous occurrence of 

roj^piration? 

376. Which of three identical wooden posts will remain sound longest, 
one left freely exposed to the air; one driven into the soil (as a fence 
post); or one driven under water (as a pile)? Explain. 

376. Most of the fossils of animals and plants which have come down 
to us were preserved in swamps rather than on high ground. Explain. 

377. Why is it necessary to change the water in an aquarium fre¬ 
quently if animals are living in it alone but infrequently, if at all, 
when green water plants are living in it alone? 

378. Where in a plant would you expect to find the highest tempera¬ 
ture? 

379. How fur are the following statements true, in your opinion? 

*' Plants do not have a 'body temperature’ because 

(1) they do not move; 

(2) their external surface is so great that heat liberated in 

respiration is soon lost; 

- (3) their rate of respiration is low; 

(4) heat is absorbed in transpiration.” 

380. Why do land animals need to have lungs for inhaling and 
exhaling air, whereas such structures are unnecessary in plants? 

381. Criticize the following statement: “Animals take in oxygen and 
give out carbon dio.xide, whereas plants take in carbon dioxide and 
give out oxygen.” 

382. Which will weigh more, a piece of sound wood or the same piece 
after wood-decaying fungi have been groNving in it for a time? Which 
will yield more heat when burned? Explain. 

383. Why do plants in glazed pots grow poorly? 

384. Why should pebbles, bits of broken pottery, or similar coarse 
materials be placed in the bottom of a flower pot in which a plant is to be 
grown? 

385. In propagating a plant by “cuttings,” a small shoot is cut off, 
and the cut end placed in damp soil, where it takes root. Sand is 
much better than a heavy, clayey soil for rooting cuttings in this way. 
Explain. 
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386. ^Miy all cut flowers keep longer in a refrigerator than at 
ordinary room temperatures? 

387. In cranberry bogs which have been flooded for a few days in the 
fall to protect them from frost, the unrijH? berries suffer much more from 
“smothering,” due to lack of oxygen caused by the flooding, than do the 
mature, fully ripe ones. Explain. 

388. Fermentation often generates a considerable gjts pressure, but 
aerobic resj)iration does not. Explain this difference. 

389. What h:ipj>ens when bread dough is "raised” with yeast? 

390. Why is it imi)ortant to boil down maple sap os soon as it is 
drawn from the tree? 

391. When jars of preserved fruit "spoil,” why do the covers some¬ 
times blow off? 

392. A foundation of manure under a "hot-bed” will keep the soil 
warm. Ex)>Iain. 

393. If hay which has not been thoroughly dried is stored in a barn, it 
introduces a danger of fire there. Explain. 

394. The danger mentioned in the previous question is much less if 
the damp hay is sprinkled liberally with salt and if the barn is very 
tightly built. Explain these facts. 

Note. —A silo is a large, tank-like structure, open at the top. Green 
and living corn plants, chopped up into small pieces, are ])aekcd tightly 
into the silo in the fall and fed to cattle during the winter. 

395. What is the advantage of the use of silage as cattle food? 

396. What prevents the contents of a silo from decaying? 

397. During the first few days after a silo is filled, its contents becomes 
distinctly warm, and it then gradually cools off. Explain. 

398. Wljy is it necessary to have the walls of a silo built very tightly? 

399. If the contents of a silo are not packed down tightly, they are 
likely to spoil. Explain. 

400. Why does the surface layer at the top of the silo often spoil? 

401. How do you account for the fact that the plant absorbs many 
more chemical elements than the ones essential for its grow'th? 
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402. problems in metabolism might be solved by the use of 
“tagged” atoms (radioactive or heavy isotopes)? 

403. Vitamins are much more abundant in sprouting seeds than in 
dry and dormant ones. Of what significance is this for human nutrition? 

404. Since almost none of the food of Eskimos in the arctic comes 
from land plants, how do these people get enough vitamins? 

406. The digestive tract of a cow has a rich flor.a of bacteria. Of 
what significance is this for human nutrition? 

406. What advantage is there in using ycast.s ynd other fungi for 
vitamin analyses of foods, instead of using guinea pigs or .similar animals? 



CHAPTER ^T1I 


GROWTH 

A large part of the food whicli a plant mannfacturcs is used as 
a source of energy, and as the potential energ.v it contains is 
liberated in kinetic form through the pi-ocess (d' resj)iration, the 
fooil breaks down again into those simple components out of 
which it was constructed. Food may be thus consumed soon 
after it is produced, or it may be stored nn<l used as a source of 
energy for the i)lunt or its offspring weeks, months, or even years 
later. A healthy plant, however, manufactures more food than 
is necessary to maintain the activities of its living sub.stance, and 
the surplus may bo built, more or les.s permanently, into its tissues, 
producing new protoplasm and new cell walls and thus promoting 
the growth of the plant body. Growth represents the excess of 
constructive over destructive metabolism. A kn()wle<lge of 
what it involves and of how it takes place is evitlcntly necessary 
if one is to arrive at a clear understanding of the structure an<l 
the development of plants. 

The term “growth’^ is difficult to define exactlj'. In its 
simplest usage it refers to any increase in size, either of the 
whole organism or of its parts. The basic process in growth is 
the production of now protoplasm. This is especially evident in 
regions of active c(*ll division. Most of the visible increase in 
plant .size, however, is the result of ab.sorption of water and the 
consequent stretching of the tissues, a process which in the strict 
sense is not growth at all, since it involves little or no increjise 
in the characteristic material of the plant itself. This is followed 
by a third stage in which an abundance of building materials, 
chiefly carbohydrates, enters these expanded young tissues and 
markedly increases their dry weight but results in no increase 
in visible, external size. Each of these three stages involves 
gro\vth in one sense but not in another. The entire process 
has a simple ultimate result—a permanent increase in the size 
of the plant and all its constituents—and the difficulties in 
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definition come from the fact that the various aspects of growth 
do not take place simultaneously but successively. 

In studying this process of growth in the plant as a whole it 
should be remembered that the plant bodj' is made up of a mass 
of minute cells. The size of the cells in any particular tissue and 
within the same species is rather constant and is believed to 
approximate the most efficient size for that particular tissue. 
\'ery large colls and very small ones evidently would possess 
many disadvantages. It is therefore clear that growth must 
consist in the production of more cells rather than in the enlarge¬ 
ment of those already present; and the formation of new cells 
by the plant is therefore the most essential feature of the growth 
process. 

The Formation of New Cells.—In the previous discussion of 
the plant cell (Chapter III), this was shown to consist of a small 
mass of protoplasm in which two portions may be distinguished: 
the relativel}' undifferentiated ground mass, or cytoplasm, and a 
denser and more or less spherical body within this, the nucleus. 
About the whole is a cellulose wall deposited by the protoplasm. 
In growing tissues where cell multiplication is proceeding, this 
wall is very thin, and the single vacuole, so conspicuous in 
mature cells, is ordinarily represented by a large number of much 
smaller ones. In the formation of new cells at such growing 
regions, and the development therefrom of new tissues, three 
stages may be distinguished corresponding to the three stages of 
growth outlined above: cell division, in which the number of 
cells is increased by the repeated division of certain of them into 
two; cell enlargement, in which these new cells expand rapidly 
to their final size; and cell differentiation, in which they assume 
their mature structure and characteristics (Fig. 120). 

Cell Division. —Cell division is not the simple splitting of a 
cell into two parts but is accomplished in a rather complex 
fashion. Dividing cells are ordinarily much smaller than those 
of the mature tissues to which they give rise and are very uni¬ 
form in structure. The nucleus, here relatively large in propor¬ 
tion to the rest of the cell, is the structure which takes the most 
active part in division, for before the entire cell divides into two 
the nucleus itself does so by a characteristic process known as 
mitosis (Figs. Ill to 113). This cannot Well be studied in living 
tissue, and a knowledge of it has been derived from microscopic 
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examination of thin sections wliicli have boon carefully prepared 
and stained. 

Within the nucleus of any ceil which is not undertioinj; dix ision 
and which in respect to tliis process i.s said to he in a “rcstinu,” 








Fio. 111.—Cell clivi&ion by mitosis. A. rosthiK cell, the chroiuiitin of iho 
nuclcu£» ill u 6no network, if, tbo ebrornatin is gnthered into chrorno^^omes, 
C, the chromoHomes a.ssumc debnito number and form. £>, each cbrotno>oiue 
itplita into two lengthw'i&o. <if, C, and D are culled propha^t:^.) E, mriaphnst. 
The «plit cliromoHomes arrange them:»cive:^ in u plane across the eciuutor of the 
eell, and the spindle, w-ith its two pole?<, is formed. anaphase. The chromo¬ 
some halves separate, one complete set (eight in this case) going to one polo an<l 
the other sot to the other pole. f7, tclophast. Each new group of chromosomes 
arranges itself into a uotwo k and a new cell w'nil begins to apt>car lH*tween tlio 
groups. two complete new cells, each with a nuclear content equal and similar 
to that of A, 


or metabolic, condition, there is a netxvork, often very fine and 
hard to distinguish as such, consisting chiefly of a substance 
which stains very deeply with certain dyes used in the study of 
cell structures and which hence has received the name of chro¬ 
matin. When a cell is preparing to divide, there is a condcDsa> 
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tion of this nuclear net into a series of definite bodies, usually 
rod-shapecl or elongate, the chrotnosomes. This stage in nuclear 
division is known technically as the prophase. For any given 
species the number and character of chromosomes in the cell 
is characteristic and constant (Fig. 114). Thus, in the bod 3 '' cells 
of the lil 3 ' there arc always twentj'-four; in those of the onion, 
sixteen; and in those of the pea, fourteen. Furthermore, each 



I'm. !12.—Stngo.H in mitosis of tnpotal colls of inai 20 . (After D, C. Cooper.) 




Fiq. 113.— Diagram of mitosis in on ordinary body coll. A, resting nucleus; 
li and C, prophascs; D, motaphaso; £, anaphase; F, telophase; G, now cells. 
The bcparato chromosomes, each of which has an individuality of its own, are 
differently marked. It is oddont that tho chromatic material is divided exactly 
evenly between tho two daughter colls. (Modified from Sharp.) 

chromosome is not merely an undifferentiated mass of chromatin 
but has its own persistent individuality in size and shape which 
is repeated at every cell division and which can often be recog¬ 
nized by the skilled observer (Fig. 116). Each chromosome 
now splits exactly into two, its halves still lying side by side. 
At about this time two poles or apparent centers of attraction 
arise in the cytoplasm on opposite sides of the nucleus, and 
from each of these poles a mass of delicate fibers radiates inward 
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to the nucleus. The nuclear menibraue now di.sappears. and 
the fibers extend into the nucleus, some of them becoming 



Fio. 114.—Polar views of nictaphiiM of inito&is m 20 s(>ccics of angio!^|>oriu», 
abowing differcncos in number, aise, and shape of their chromosomes. {Afttr 
W, Si, D<fwdcn.) 

attached to the chromo.somes and others extending continuously 
from one pole to the other, the entire fiber system being known 
as the spindle. The chromosome pairs now move into a plane 
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or equatorial plate stretching across the cell at right angles to 
the spindle, the attainment of this stage marking the metaphase 
of di\ision. Kach chromosome has a spindle fiber attached 
to it, sometimes at tiie end, sometimes near the middle, at a 
spi'cialized point known as tlie kinetocorc. For the two members 
of a pair (the two halves of each of the original chromosomes) 
the fibers run to opposite poles. The contraction of the spindle 
fibers which now takes place seems to pull these halves apart, 
one group of cliromosomes moving toward one pole and an 

entirelj' similar group moving toward the 
other, a stage designated as the anaphase. 
Eaeli chromosome group now becomes aggre¬ 
gated into a tangled mass from which a new 
chromatin net develops and around which 
a nuclear membrane makes its appearance. 
Meanwhile a new cell wall is being laid 
down between these two nuclei, usually 
through the appearance of minute thicken¬ 
ings at the middle points of the fibers 
which still connect the nuclei, and the 
union of these thickenings into a continuous 
cell plate which ultimately extends entirely 
across the cell. This stage, the telophase, is 
followed by the splitting of the cell plate into 
two layers and the deposition between them 
of a new cell wall, which completes the divi¬ 
sion of the mother cell into two similar daughter cells. This com¬ 
plicated process is apparently concerned with the accomplishment 
of an exactly equal division of the chromatin material between 
the two daughter cells and thus among all the cells of the plant 
body, suggesting the conclusion, which receives support from a 
large body of other evidence, that the chromatin is of the utmost 
importance in directing the growth and differentiation of the 
organism. 

As division progresses the original cell increases somewhat in 
size, so that by the time the two daughter cells are formed, 
or shortly thereafter, each is as large as the original mother 
cell. This increase is due to an increase in the living material 
of the cell, and it is here that new protoplasm is being produced 
most rapidly from its various constituents. Regions of cell 



Fia. 1 15.—Chro- 

in OHO me indivi final¬ 
ity. Tlio oitflit chro- 
inOHOinoH of n HpecioH 
o f Cre pis . Til e.se o vi- 
dcntly consist of four 
distinct pairs, A, B, 
C. and i). The two 
memhors of each pair 
arc alike and are said 
to bo homolopous, 
{From Sharp^ after 
XatvQschin,) 
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division are those of active synthesis of protoplasm. tlioiiRh 
the stages in this process are still very obscure. 

Cell division is most commonly studied in those reKiorn- where 
the cells are small and almost tilled with cytoplasm, as at the 
tip.s of the growing points of root and stem. Many cells continue 
to divide, however, long after they have expanded considerably 
and have developed a large central vacuole. Between divisions 
in such cases, the nucleus is somewhat llattened against the <-ell 
wall in the thin layer of the cytopla.M!!. During early prophase 
it rounds up and is suspended in the vacuole by eytop!asmi<- 
strands. These .strands .soon aggregate into a more or less 



Flo. 1 lu.—Division of n viicuolalo coll in (tie pith, showinji tJic fornintion of 
a cytopla-imio diaphragm, the iihraKino.^omo, which Mip|M>rts ttic- mirleuj> <Juriiin 
initoBis. (A/ler W. Sinrioit and /?. Tiloch,) 


continuous plate, the phraomosomc (Fig. 110), wliieh occupies the 
position of the future partition wall. The nucleus goes through 
the various stages of mitosis thus held in a central position. 
After telophase a cell plate develops between the two daughter 
nuclei and then spreads across the cell to the old cell wall, 
following the position of the phragmosorne and being laid <lowii 
by an expanding circle of kinoplaamic fibrils. In this way- 
relatively large and highly vacuolated cells divide in meristematic 
regions. After wounding or under other abnormal conditions 
large mature cells often follow the same method of division. 

Cell Enlargement .—The tw o new cells formed by a division may 
each divide again, as may their daughter cells and those of 
successive divisions, with the result that in a few’ cell generations 
the number of cells increases very greatly. This process of cell 
multiplication is especially evident in actively growing struc¬ 
tures. Ultimately, however, division ceases and the cells begin 
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to assume their mature characteristics. In most tissues the 
first step in this change is a very considerable increase in size. 
'Phis results in part from an increase in bulk of the nucleus and 
cytoplasm, but chiefly from the development of vacuoles in the 
cell, which finally unite to form a single large one, the sap cavity, 
that fills almost the entire cell. The cytoplasm now forms only 
a thin layer next to the wall. This great increase in cell volume 
by vacuolation after division has ceased is one of the chief ways 
in which plant cells typically differ from those of animals. 

Cell enlargement is not limited to the period after division 
ceases but may begin considerably earlier so that even in a 
structure where cell multiplication is actively going on, the 
average cell size is increasing. This simply means that a 
daughter cell, before it again divides, reaches a size greater than 
its mother cell did, so that the members of each cell generation 
are somewhat larger than those of the previous one. This is 
commonly the case in the development of organs of limited 
growth, such as leaves and fruits. In sharply localized meri- 
stems, such as the terminal ones of root and stem, the cells at 
the tip usually maintain a rather constant size while those 
further back progressively increase as they still divide. Since 
cell division cuts the size of a cell in two, cell size in a region 
where division is occurring is determined by the relation between 
rate of division and rate of expansion. Where the former process 
is relatively rapid, average cell size may actually decrease for a 
lime. 

Most of the ceil enlargement, however, occurs after division 
has ceased. Its extent depends on the tissue concerned. Some¬ 
times, especially in physiologically active cells, it is not great. 
In storage parenchyma, such as the pulp cells of some fruits, 
it may result in an increase of several thousandfold (Fig. 117). 
Enlargement may be the same in all directions, resulting in cells 
which approach a sphere in shape; but often it is markedly 
unequal in different dimensions so that some cells become long 
and narrow or assume a great variety of other shapes. In 
general the cells of a given tissue \vill tend to reach a rather 
definite size at maturity which is presumably related to the 
physiological activity of the cells. This size may vary con¬ 
siderably, however, as a result of pressure, amount of available 
water, change in chromosome number, and other factors. Dif- 
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forences in the size of plant organs, sucli as often occur between 
one part of the plant and another, or between two plants, may 
be due to differences in the number or in the size of the cells 
composing them, or to both, but cell number is usually the more 
important factor. An oak is larger tlian a \ i()let chieH\’ because 
of the much greater number of cells which make up its body. 

Cell Differentiation .—Knlargement is only one of the changes 
which occur in a cell as it be<*omes mature. 'I'he new tissues 
which are formed of thin-walled and rapidly growing cells are 
soft and weak. The third stage in growth, cell <litTerentiation, 


Kr 


Flo. 117»— IncrcoAO in coll M£0 durinff growth. Left, cell front poriearp of 
young watornieloti juat after the lust division; right, the same ccl) in the mature 
fruit, incrcoM^ in size about 8000 fold. 

is brought about by tlte transfer of an abundant supply of food 
into these newly formed parts and the consecpient (‘onstniction 
therefrom of additional materials, chiefly in the cell wall, until 
the cells have reached their normal mature condition. The 
changes which a cell undergoes at this stage depend upon the 
type of tissue to which it is destined to belong. Sieve tubes, 
pith cells, and fibers will obviously differ greatly in the modifica¬ 
tions which they undergo as they mature. Although cell size 
and form become established in the previous stage of gro\\i;h, 
the most distinctive differences do not appear until enlargement 
has ceased. 

The stages of enlargement and differentiation are accompanied 
by a marked increase in the carbohydrates, especially in the 
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cell wall, in contrast to the first stage, where the increase is 
chiefly in protoplasm itself. In cell division and differentiation, 
there is little growth in volume but considerable in diy weight; 
in cell enlargement, there is much gro\\i,h in volume but little 
in diy weight. 

Unlocalized Growth.—Such, in brief, is the history of the 
production of new cells by which the growth of the plant body 



Flu. 118.—The growth 
of a loaf. a very 

young leaf of tobacco 
that has been marked 


with OQUally distant par¬ 
allel lines. the same 
leaf when mature. 
Growth has cWdontly 
occurred throughout the 
whole loaf, but has been 
much more ostonsive in 


certain regions than in 
others, 03 can be seen 
by comparing the aiEcs 
of the originally equal 
squares. (A/ier Avery.) 


takes place. In those organs of the plant 
like the leaf, flower, and fruit, which are 
determinate in their growth, reaching a 
final size beyond which no further in¬ 
crease takes place, cell division usually 
goes on throughout the entire young organ 
just as it docs in growing animal tissue. 
Cell enlargement and differentiation fol¬ 
low and are also widespread. Such unlo¬ 
calized growth, where all parts of the 
organ are expanding at the same time, is 
often termed interstitial. In many struc¬ 
tures the tliree phases of growth do not 
proceed exactly together. Cell division 
commonly ceases earlier in fundamental 
than in epidermal tissue, for example, so 
that cell size is much greater in the former 
than in the latter. Thus, the pulp cells 
of a watermelon cease dividing when the 
young fruit is rather small and expand to 
relatively enormous size as the fruit grows, 
while the cells of the outer cortex and 
epidermis continue to divide almost as 
long as the fruit grows, never becoming 
very large. Interstitial gro\vth often pro¬ 
ceeds at somewhat different rates at 
different points, so that the organ changes 
somewhat in form as it expands. This 
may best be shown in such a simple organ 


as a leaf, where the relative intensity of growth in various parts 


may be showTi by cross-lining a young leaf and comparing 


the subsequent growth of squares located in different parts of the 


blade (Fig. 118). 
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Di/Terential growth may produce (issue tet\sions. some tissues 
being compressed while others are extended, as may be demon¬ 
strated by making an incision through the ti.ssm's and ol).»«er\ ing 
tlieir size changes \\ hen the tension is tints removed. 

Organs which increase by interstitial growth are usually 
of limited <Iurution. for all their cells betauite ditTerentiated, 
none remaining embryonic. The continual repair of essentially 
permanent tissue by the protluction of ne\v cells, such as occurs 
in animals, rarely takes j)lace. 

Growing Points and Their Function.—The axial organs—root 
and stem—which in larger itlants constitute the bulk of the 
plant body, are indeterminate in growth and can continue to 
increase in size almost indefinitelv. Most of the tissues t)f these 
organs arc necessiirily mature and functioning; aiul since their 
cells are surroumh'd by dead, firm, and usually thick walls, cell 
division within them is difficult or impttssible. Such tissues are 
really locked within their own walls and can grow no farther. 
The continual prodtiction of new cells in organs of this sort is 
accomplished througlt the activity of growing points, or meristems, 
which are merely groups of cells remaining in an embryonic and 
undifferentiated condition, thin-walle<l and paeke<l with prottv 
plasm. These groups of permanently “young” cells occupy 
regions where growth is to take place, as at the tip of the root or 
stem or at the cambium. Such a growing point may long remain 
dormant, but when it becomes active, cell division begins again 
within it. The newly formed cells which lie next to the already 
mature tis.suc now undergo enlargement and become themselves 
mature. This proce.ss does not affect all of the cells of the grow¬ 
ing point, however, for the portion away from the maturing cells 
still remains undifferentiated and continues to sen-e as a center of 
production for young cells which are to be added to the tissue. 
The growing point is thus a rather small and inconspicuous group 
of cells, not increasing in bulk itself but carried progressively 
outward on the crest of the tissue which it creates. It may 
perliaps be compared with a layer of coral animals, which by 
their activity build a reef farther and farther outward and are 
carried out upon it; or to a bricklayer constantly adding bricks 
to the top of a wall and being carried up himself by the wall 
which he has made. 

This method of growth at a definite point or layer through the 
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activity of a inoristom. wliich is so characteristic of plant tissues 
and so difYcront from that (‘mf)loyed in tlic growth of animals, 
lias (’('itain conso<iuonccs worthy of mention. It writes in the 
l)ody an almost complete history of the plant’s growth and 
development. for many of the rnst-forme<l tissues are still present 
(unless lost through decay), buried in the succe.'^sively later 



Fui. IIIL—A Scquuin treo, over 2000 ycarb oUl, i\\ the Mariposa Grove, 

California. 

accietions which liave been steadily added. A careful internal 
and external examination of a tree trunk, for example, W’ould 
enable one to tell almost exactly how tall and how thick the tree 
was at any year in its past history. An understanding of the 
location and activity of growing points is essential in the practice 
of the various methods of grafting and budding, for these are 
necessarily concerned with a manipulation of the meristematic 
regions. 
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There is no tlieoretical reason wiiy tlie growth of a wood\- 
plant should not continue indefinitelv. and a studv of the annual 
rings of the California redwood (Fig. 110) shows that members of 
this species live to b(‘ at least two thousand years old. The life 
span of most trees is \-e!y much less than this, how(‘ver, owing to 
mechanical difficulties, disease, or other causes. It is <loubttul 
whether true “old age/’ so common among animals, occurs itJ 
most plants. 

'There are many more actual or pcjtential growing points in 
the plant body than oixlinarily de\a*lop, but umler appropriate 
conditions any of tlicm may begin to giow. l''urthermor<\ 
certain cells in mature ti.ssues may occasionally become reju\(^ 
nated ami begin to <livi<le again, as is well shown in the healing of 
those wounds whi< h occur in regions lacking m(M ist4unal ic tissm*. 

'There are two gtuieral types of growing points in most plants— 
tennimd and lateral. 'The former, which <le\clop at the tips of 
roots and stems, caus(‘ an im-rease in the Irnfjth of these organs, 
and througli their acti\ity the stem grows tall ami its roots 
spread farther into tlie soil. 'The latter, of which the \’ascular 
canihium is the characteristic examj)le, forms a ring or slieath of 
growing tissue encircling tlie root ami stem tlnoughout tlieir 
entire extent and causing these organs to increase* in thukruss. 

Terminal Growing Points.—'I'he growing tip of a root furnishe.s 
a good example of a terminal growing point, and a brief study of 
this legion perhaps will provide a clearer understamling of how 
such a tissue functions (Fig. 120). At (he very tip of tlie root 
is the root cap, a sheath of cells continually being renewed from 
the growing point within as they are slouglunl off l>y frietitm, 
and protecting the delicate root lip as it i.s forced tlirough 
the soil. Ju.st back of this is the z<>ne of cell division, a relatively 
small ma.ss of tissue usually not more tlian 2 or 3 mm. in length 
and composed of small, thin-walled, and richly j)rotoplasmic 
cells which are capable of rapid multiplication. IJehind this 
is the zone of growth or cell enlargement, where division is 
still going on but where the cells are increasing markedly in size. 
It is in this zone (only a few millimeters in length) that growth 
of the root in length takes place (Fig. 121); and it is the force 
exerted here by cell elongation which drives the root tip through 
the soil. By hourly observation of small living roots under the 
microscope it is sometimes possible to trace the direct descendants 
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Fia. 120.—For descriptive legend see opposite page 




















































GROWTH 


235 


of a single cell in the region of division until these reach mature 
size some distance back from the tip (Fig. 122). Heyond this 
region, in turn, is the zone of dilTerentiation, where the cells, 
now having attained their full size, assume their mature char¬ 
acteristics. Here differentiat ion begins, t he central cells develop- 



fio. 121.—Growth of tho root in length. Two squash seodbngs, the one at the 
nght a day or two older than tho one at the left. Tho change in length of the 
tones between tho markings, originally equidistant, shows that growth in length 
takes place only very near tho tip of tho root. 

ing into wood and phloem, those farther out into cortex, anti the 
outermost ones into epidermal cells and root hairs. It should be 
noted that the width of the young root is determined by the 
width of the meristem and that no lateral growth occurs here 
at this time. The root grows in thickness through the sub¬ 
sequent activity of a cambium farther back along its axis. 

Fio. 120.—Longitudinal section of a growing root. In tho zone of cell division 
the ccHb aro small, rich In cytoplasm, and rapidly diWding by mitosis. In tho 
^no of onlargomcnt. tho colls are no longer dividing but aro rapidly elongating 
Vacuoles or sop cavities aro boginniiig to incrcaso in size in tho cytoplasm. In the 
*one of maturation (diflcrcntiation) the cells have attained their 6nal size, and tho 
center of each is now occupied by a largo sap cavity, surrounded by a thin layer 
of cytoplasm. In this zone (only a port of which is shown) tho colls aro beginniDg 
to assume their mature ohoractoristics, and differentiation of tho tissues is taking 
place. A, B, and C: cells from these three zones, much enlarged. 
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Biaucliing in tlie root takes place in a manner \eiv (.lifTerenf 
from that found in a stem. A lateral root, instead of arising a.s 
an outgrowth from the surface, begins with the development of a 
group of mcristematic cells in the outer layer of flie pericvcie. 
This becomes organized as the terminal growing [joint of the 
lateral root, which now pushes out through the eorte.\ of the old 
root and breaks out at its surface (Kig. 123 ). 

The terminal growing point at the apex of a stem resembles in 
Its e.ssential features that of a root, but it is somewhat more 




I lo. 12.{. OriKiu of u Intfr.-it root. ll> iinTj>toin uri.sr.H in thi- ouot i>iirt of 
tho va.scutar fytiii.k-r. pu..tif» UirouKh the rortox. and t, routes out at ll,c ^urfaro 
of the root. I^fl, lonteitu«ljoal scetjou; riKtU. tranavert-o section. (I'ronx Eumca 
oruJ Macuama^.) 


complex in structurt! (Fig. 121). In.stead of giving rise to a 
single organ, as in the root, it here prodiiees both a new stein and 
new leaves and often new floral organs. The stem if.self increases 
in length much a.s does the root, and the leaves ari.se along the 
sides of the ineristem as minute wrinkles or surface outgrowths 
(Fig. 125) which become progressively larger until mature sizt* 
is attained (Fig. 126). The leaf, liowcvcr, is an organ of limited 
growth and contains no permanent growing point of its own, 
although the parallel-veined leaves of monocotyledonous plants 
(like the grasses) may continue to grow in length for some time 
through the meri.stematic activity of the tissue at the ven^ base 
of the leaf. 
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A young stem rudiment, including the growing point and 
the leaf primordia which have been produced by it, is known as a 
bud. This includes some of all the tissues rather than those 
from the vascular cylinder alone, as in tlie root. ^ 

In lierbaceous plants or in those wliere growth is continuous, 
these buds arc unprotected. Among woody plants in temperate 
regions, or wherever growth ceases for considerable periods, the 



Fiu. 124.—Loiifcituclinal section through the tip of the stem of a water plant, 
Elodca, showing terminal meristem and development of loaves from primordia. 
{From R, L, liulhary.) 

delicate growing points are inclosed in bud scales, which prevent 
a drying out of the young and watery tissues and protect them 
against mechanical injury. Various types of buds are recog¬ 
nized, such as terminal, lateral, adventitious, dormant, and others 
(p. 147). 

The differentiation of the organs and tissues within the bud 
often takes place very early. In the ^vinter buds of most woody 
plants, for example, the leaves for the next season’s growth are all 
present, and their arrangement and shape are well established, 
though the internodes of the stem of course are extremely short. 
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What a bud shall be—whether, for instance, it shall contain 
leaves or flowers—is determined during the preceding summer, 
when the bud begins its development. As the bud expands in 
the spring, these preformed organs merely increase in size. 



Flo. 125.—Dovolopinerit of youiifc leaf of Taxodxum at tonninnl incristoin. 
Loft, early prirnordiuin; center, later stage; right, tip of young leaf. Several cell 
layers take part in loaf formation. {From (7. L. Cross.) 



Flu. 120.—Development of the tobacco loaf from o small primordium (upper 
loft) to Q young loaf with vein system beginning to form in the blade. In later 
dcvolopmontf width will inercoao faster than length, and growth throughout the 
loaf will follow a dofioito pattern. (Sec I*'ig. 118.) {FromG. S. Avery.) 

In the elongation of the stem as it develops from a bursting 
bud the zones are by no means so well marked as in the root, 
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and their combined length is greater. ^lost of the cell division 
is at the extreme stem tip. but some of it takes place over much 
of the zone of growth, which may here extend a distance of 
several centimeters. 

It is a characteristic feature of the stems of certain mono- 
cotyledonou.s plants, such as the grasses, that the basal portion 
of each internode and leaf remains mcristematic for a considerable 
period after the upper parts have become completely dilYeren- 
tiated, with the re.sult that most of the internodes grow for some 
time, and tlie whole stem elongates l>y this intercalary growth, 
much like a folding telescope which is being pulled out. 

Lateral Growing Point, or Cambium.—The lateral growing 
point is somewhat more complicated than the terminal one, and 
its activities are often a little hard to visualize. The best example 
of such a meristein \s the cambium of the fibrovascular cylinder 
of root and stem, highly tlc\'eloped.in all typical woody plants. 
It has been shown in the previous study of the stem (and except 
for the absence of a pith the root is essentially similar) that the 
(ibrovascular tissues are arranged in a cylinder, with a ring of 
wood within and a ring of phloem without (Fig. 71). Between 
these two rings is a very thin layer of tissue, in its resting period 
often only one cell in width, which is formed of the same small, 
ihin-walled, and richly protoplasmic cells which are characteristic 
of terminal growing points. This is the cambium, and by its 
activity the fibrovascular cylinder, and thus the whole stem, 
glows progressively stouter. Unlike the one-sided terminal 
meristems, however, this lateral growing point adds to the tisxsues 
on both its sides. When the cambium is active and cell division 
is taking place, the newly formed cells which lie on the inner 
edge of the cambium, next the wood, undergo a period of enlarge¬ 
ment and differentiation and become the outermost wood cells; 
and the new cells which lie on the outer edge of the cambium, 
next the phloem, similarly develop into the innermost phloem 
cells; but a zone of thin-walled embryonic tissue still remains 
between the two (Fig. 127). Thus the cambium, never growing 
itself, continually adds to the thickness of both its adjacent 
tissues. The cambium cells are very long in proportion to theii 
width, and the formation of new longitudinal walls, when these 
cells divide, requires that the new wall be formed at considerable 
distances from the centrally placed nucleus (Fig. 128). Wall 
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Fia. 127.—('umbiun) of pine ftrtivcly ]>ro<lurinK new wood and pliloetn 

The eaiiiViiuin in clcn&cly filled with protopla^siii. The youiiKCnt cell^i of wooit and 
phloem. lyinK next the cambium, are :»till Mnnil, but they grow older they noon 
expand to their niuturc t^ize. The new wood cellos are fllill very thiii^wulleii an<i 
rotuiri a lining of eytophibrn that Inter di.*uipt>car8 4Mitirel>*. 


k 



k 


Fio, 128,—Stages in the dividion of a cambium cell »}io\%iug the )>oculiur 
method of formation of tho new ceil wall in thci^c elongated cells, n, nucleus; fc, 
kiDoplaemaaofno, through tho activity of which the now wall is laid down. (From 
I. W, Bailey,) 
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formation here ropomblos that described (p. 227) for vacuolated 
cells. 

Just as the terminal meristem is carried out by the growing 
root or stem tip, so the cambium ring is carried farther and 
farther awaj' from the center of the stem by the growing wood; 
and the phloem, Ij’ing outside the cambium, is also carried out, 
not alone by this growth of the wood but by the increase in its own 


thickness which has taken place at its inner edge (Fig. 129). 
Cambial activity perhaps may be crudely pictured by comparing 
it to the growth of a wall of brick (the wooil) surmounted by a 



One Old Years Old Thre. Ytars Old 

hiu. 120.—Growth of n btoni in width (diagrammatic). Transverse section 
of throe progressively older stems. Througli the activity of the cainbitim a new 
layer of wood and of phloem is added each year. Pith niid cortex dotted, wood 
plain, phloem lined. 


coping of tile (the phloem); and by assuming that just at the 
junction between brick and tile a bricklayer (the cambium) is able 
repeatedly to insert bricks and tiles, the wall thus mounting 
upward and carrying an ever-ihickening coping of tile on its 
top. 

As a consetiuence of this method of gro^^'th the youngest layers 
of the wood are the outermost and the youngest layers of the 
phloem are the innermost; and the past history of these two 
tissues, as it is preserved in their structure, should thus be read in ' 
opposite directions. In woody plants, where gro\Uh in thickness 
is considerable and continuous, the phloem, because of its rather 
delicate texture and the strain which is put upon it, becomes 
much stretched and crushed in its outer layers. These ulti¬ 
mately are sloughed off with the bark, whereas the wood, with 
its much firmer structure, remains unchanged. Well-marked 
gro^vth rings are developed in the wood so that an inspection of 
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this tissue as seen in cross section makes it posihlo to read with 
much accuracy the age and past history of the plant (Fig. IdO). 
A study of growth rings in old trees has recently been employe*! 



I'm. 130.—Treo-riuK record. Cro.v$ scciioti of n hotiilock trunk bho%%*iris 
alrriOAt ticuled t»car of nn injury. prc^uuui)Ay by forest fire. nl>out twenty yoar:*» 
tt«o. 





^ Cork 

4 


-Phellogen 


I'lo. 131. 


A cork CAmbiuin or phclloRcn procliicinR a layer of cork ti&suo in tlio 

bark of the ouk. 


in the solution of such diverse problems as the antiquity of Pueblo 
Indian dwellings and the length of climatic cycles. 

A cambium occurs universally in stems and in roots, where 
continued lateral growth takes place, and extends the full length 
of both organ systems, merging into the terminal growing points 
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ot the stem on the one hand and of the root on the other and 
thus connecting the two by a layer of meristematic tissue. 

Cork ('(inihtum or Phellogcn .—Another lateral growing point 
of importance is tin* cork conihium which produces the layers of 
coi kv bark. This mav ari.'je almost anywhere in the cortex or in 
the old phloem and develops on its outer face a row of corky cells 
w Inch soon ilie and constit»itc the waterproof layer characteristi<* 
of bat k ti.ssiu* U''gs. 74 and 131). 

.V specialized {)hellogen, ihv abscissio/t layer, is developed acrt)ss 
(lie base of the petiole in an old leaf am! produces a zone ot 






MM'tioi) .showing (lcvi*lui>inont of ah^^rissioii )ny 
Kiuiyulc that wUl exit ufT the lojxf u* 7’ \ 


er in 


cells which causes the leaf to fall and at the same time heals 
the wound produced (Fig. 132). A cork cambium can be made 
to appear in many parts of the plant by wounding them, and the 
ch'velopment of a layer of cork by this means is the commonest 
method by which a plant is protected from infection and loss of 
water as a result of injuries which break its surface. 

Primary and Secondary Tissues.—The tissues laid dowm by 
a cambium are often rather regular in the arrangement of their 
cells, particularly in species where all the cells are of approxi¬ 
mately the same size. This is due to the fact that each cambium 
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cell has produced a whole row of wood cells within and phloem 
cells without and that these cells natujally are arranged in a 
straight line along tlie radius of the stem passing thnmgh the 
cambium cell which is their common ancestor (Tig. 127). 

I'issues produced by a cambium are known tM)Ilectively as 
secondary tissues, and they all display in trans\-ei'se section this 
regular arrangement of their cells. Primary tissues are those 
which arise from a terminal growing point, and in trans\’ei'se 
section their cells are likely to l)e arranged irregularly, the 
regularity here, however, being conspicuous in longitudinal 
sections (Fig. 120). The epidermis, cortex, and pith, and the 
first-formed wood and phloem, all arc primary in their origin. 
The great bulk of the wood and phloem in woody plants, together 
with the corky bark, are all secondary. 

Rates of Growth.—Growth rarely takes place at a constant 
rate but varies greatly depending upon external conditions, as 
will be shown in a later chapter. Aside from the variations in 
growth rate which arc due to tins emironment, however, tliere 
are certain regular changes in rate which may be rather generally 
observed in the growth of a plant or of any of its organs. 'I'he 
diameter of a growing gourd fruit, for example, was determined 
by daily caliper measurements beginning when the ovary was 
very small, nearly a week before flowering, and continuing 
until final size had been attained an<l growth ceased, eighteen 
days later. The data are presented in the accompanying table: 


Date 

1 

DiAineter, nim. 

I Date 

1 

1 Dianictcr, inin. 

July 30 

2.1 i 

, Aug. 9 

30 0 

31 

3.1 

10 

35.2 

Aug. 1 ! 

3.9 

11 

40.0 

2 

5 . 1 

12 1 

43.8 

3 1 

0.5 

13 

46.0 

•1 

8.4 

11 

47.0 

1 

5 1 

11.0 

15 

47.5 

0 

11.0 

16 

47.9 

7 

18.0 

17 

48.0 

8 

23.5 

18 

48.0 


This record of increase in fruit size in a gourd is typical of 
the course of growth in the organ or body of most living things. 
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It begins rather slowly, grows progressively faster for a time, 
and then gradually slows do^^'n. If the daily measurements of 
fruit diameter arc plotted against time on a graph, as in Fig. 133, 
and if their points are connected, an S-shaped or signwid curv’e 
is produced. Such a curve describes the groAHh of many plants 
and animals and their organs. These cur\'es differ considerably 
depending on the character of the organism and the conditions 
of its environment. 

Many attempts liave been made to analyze the curves in 
terms of mathematics, chemistry, or physiology, but growth 
seems to be too complex to yield to any simple explanation. 



Time in Days 

Fio. 133.—Graph of the growth of n gourd fruit in diameter* plotted against time 
in days, showing the S-shaped character of the growth curve. 

It is noteworthy that in many cases, as in the data here presented, 
the early course of growth proceeds wth constant acceleration, 
so that the growth in each successive time unit is a constant 
percentage of the size already attained. Thus the structure 
grows like money at compound interest where the interest is 
compounding continuously. Although the actual rate of growth, 
here in terms of millimeters per day, keeps changing, the rate 
of compound interest—the true grow'th rate for this period—is 
constant. This can well be sho^vn by plotting the logarithms 
of the diameters instead of the diameters themselves, since the 
logarithmic scale is one in which each unit represents an equal 
percentage increase. When the data are plotted thus, the 
points fall on a straight line for the first ten days, showing 
that there is an essentially constant percentage rate of increase. 
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A determination of this rate is therefore of importance in 
an analysis of early growth. The table shows that each day 
results in an increase of about 28 per cent over the day before. 
This is not a true measure, however, for the rate in a growing 
plant is compounded continuously, not once a day only. The 
true rate may be determined by u.sing the formula for con¬ 
tinuous compound interest, 

Wa = 

where ITa is the size at a given time, f; is the size at the begin¬ 
ning of the growth period; r is the compound interest rate, and c 
is the base of the natural logarithms, 2.718. This e(|uation can 
be stated and solved more simply by the use of common loga¬ 
rithms and is then expressed as follows: 


and thus: 


log Tr« = log ir* 4- log e X r X f 

^ log ir. - log 
t X log e 


In the present case we may find the true growth rat« up to the 
time, approximately August 9, when constant compound- 
interest growth ceased. Wo is 2.4 mm. (its logarithm is 0.3802); 
Wo is 30.0 mm. (its logarithm is 1.4771); t is 10 (days), and the 
logarithm of 2.718 is 0.4343. Thus 


r 


1.4771 - 0.3802 
10 X 0.4343 


or 0.25 approx. 


Twenty-five per cent, continuously compounded, is therefore the 
true daily rate at which this fruit is gromng during the period 
of compound-interest growth. 

Why an organism should grow this way is perhaps because 
early growth is by cell multiplication, itself an accelerative 
process; or simply because the amount of new material syn¬ 
thesized by a mass of protoplasm will naturally tend to be pro¬ 
portional to the size of the synthetic mass. Why this constant 
acceleration should stop and the rate of growth gradually fall 
off to zero is another problem. Exhaustion of the food supply 
cannot account for this since it will occur when food is abundant. 
The gradual exhaustion of some essential growth substance is 
perhaps responsible. The whole gro^vth process is a complex 
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one and doubtless involves many factors. It is clearly under 
the control of the mechanisms which govern heredity, since the 
size to u'liich an organ or body will grow is inherited, and only 
within rather narrow limits may this be modified by environ¬ 
mental moans. 

Plant Movements Due to Growth.—We are accustomed to 
think of plants as organisms without the power of movement, 
but a careful observation of almost any plant part, over a period 
of time, will show that it changes its position and often very 
raclically. The use of a motion-picture camera, whereby photo¬ 
graphs can be taken of the same plant at intervals of a few 
seconds, minutes, or hours and then run off rapidly on the screen, 
thus “speeding up” the plant’s motion very greatly, provides an 
excellent means for studying these movements. Many of them 
are directly due to ineiiualities in growth which bend the organ 
in one way or another. Those which are directed by an external 


stimulus such as light or gravity 


will be discussed in a later 


chapter. 


Some growth movements, however, seem to be directed 


entirely liy internal factors. The changing positions of unfolding 
organs are thus due to unequal growth. In a flower bud, which 
“nods” when young and later becomes erect, these changes in 
position are produced by more rapid growth fli'st on one side of the 
stalk and then on the other. Alost remarkalile of these motions 


is the constant rotation, or circumnutalion, of young and growing 
stem tips which is due to a rhythmic alteration in such a differen¬ 
tial growth rate. In plants which climb, this is especially advan¬ 
tageous in carrying the stem around a support or in bringing 
its tendrils into contact with possible points of attachment. 
It has been obser\’ed that most species of climbers are con¬ 
sistently either clockwise or counterclockwise (“right-handed” 
or “left-handed”) in their rotating growth movements. 


QUESTIONS FOR THOUGHT AND DISCUSSION 

407. Why cannot mitosis be studied easily in living cells? 

408. In what direction, or plane, with reference to the main axis of 
the stem are most of the cell divisions which take place at a terminal 
growing point? At the cambium? 

409. If one cashes to count the number of chromosomes in a cell, at 
what stage in mitosis can he best do it, and in what plane should he cut 
the section of the cell? 
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410. \Miat di-sadvautage would there tend to be in ver>’ large tells 
In very small ones? 

411. ^\Tiat factors can you suggest which might cause a cell to stoji 
dividing and begin to increase in size? 

412. ^Tiat is the chief difference in method of growth between 
animals and plants? 

413. With what other important differences l>etween animals and 
plants is thi.s difference in method of growth associated? 

414. Why is it probable that the cause for the cessiition of growth in 
.such a plant organ jis the leaf or the fruit is not due to exhaustion of 
materials for growth? 

416. In what respects is the manife.statum of “old age” in plants 
different from that in animals? 

416. Intercalary stem growth, like that found in gnis-ses, does not 
occur in large, woody stems. Why not? 

417. Growing points of plants are usually good to eat. Why should 
this be 80 ? 

418. The zone in which elongation occurs at the root tip is much 
shorter than the corre.sponding zone at the stem tip. How do you 
account for this fact? 

419. Why are bud scales lacking in most tropical trees? 

420. Do you think that bud scales protect the delicate growing points 
against cold? Explain. 

421. Why will the bark separate very easily from the wood of a twig 
in the spring but usually at no other season? 

422. If a nail is driven into a tree trunk at a point three feet from the 
ground, what position will tliis nail occupy in tfic trunk us tlie tree grows 
older? 

423. In just what part of the stem does growth of the pith take place? 
Of the wood? Of the cortex? Of the phloem? Of the epidermis? 

424. Is the pith in a one-year-old twig wider or narrower than it is in 
a twenty-year-old branch growm from that twig? 

426. Where is the cortex in a tree trunk? 

426. Why is the bark of a tree almost always rough and cracked? 
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427. does the bark of a tree never become as thick as the wood? 

428. If you are to determine the age of a tree by counting the annual 
rings, wliere in the tree should you make the count? Explain. 

429. How can the annual rings in trees be used to study past climatic 
condition.s? What cautions must be observed in doing this? 

430. How far i.s each of the following statements true, in your opinion? 
“The growth of a leaf stops 

(1) because the food material from which it is built is used up; 

(2) because the leaf is a determinate organ; 

(3) because there is an inherited limit to its gro\Hh; 

(4) because cell <livision stops in it; 

(5) because it is shaded by leaves higher on the stem and thus 
produces less foo<l.” 

Notk.— In grafting, a small twig (the scion) which has been cut from 
one plant is placed in close contact with a branch of another plant (the 
slock). This may be done in several ways, but in all cases the tissues 
of the stock and scion are both cut open and so placed that the cambium 
of one touches the cambium of the other. If the operation is success¬ 
fully performed, the stock and scion will unite through the knitting of 
their cambial layers, and the scion will develop as a branch of the stock. 

431. In the process of grafting why is it necessary for the cambial 
layers of stock and scion to be in close contact? 

432. After a graft has been successfully made, how does water get 
from the tissues of the stock into those of the scion? 

433. Why is it important to use a sharp knife in grafting operations? 

434. After placing scion and stock in contact why, is it useful to cover 
the cut surfaces with wax or a similar substance? 

436. Monocotyledonous plants can almost never be grafted. 
Explain. 

• 

Note. —Pruning is the process by which certain twigs or branches are 
removed from cultivated trees to attain some desired result. 

436. Why does careful pruning tend to make a tree more vigorous and 
healthy? 

437. Why is pruning generally done in spring, fall, or winter rather 
than in summer? 

438. What is the danger in pruning a tree very severely? 
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439. When a branch is cut from a tree the wound th»is caused will 
usually heal and become covered with new tissue. How does this 
healing take place? 

440. If a branch is cut off very close to the tnmk the wound will heal 
over much more readily than if a stump is left projecting some distance 
beyond the trunk. Explain. 

441. Why are rapidly growing plants more tender than slowly growing 
ones? 

442. Why do asparagus stalks become tougher and less desirable to eat 
as they grow older? 

443. What is the best sea-son to train woody vines upon trclli.sos and 
arbors or to fix the })crinanent shape of woody plants in other ways? 
Explain. 

444. To develop large blo.ssoins on a chrysanthemum plant, growers 
cut off all the fiower buds but the terminal one. Why has this the effect 
desired? 

446. If tobacco plants are “topped” (the upiJcr part of the stem, 
including the small leave.s and the flower cluster, being taken off when 
it has begun to develop), the lower leaves on the stem, which are the 
valuable ones commercially, will grow larger than they otherwise would. 
Explain. 

446. A plant 10 cm, high grows to 36 cm. in four days. Determine its 
percentage growth rate by the formula given on p. 247. 

447. A fruit 8 mm. wi<le grows at a rate of 30 per cent per day, con¬ 
tinuously compounded. How wide will it be in five days? 

448. What plant structures might not be exjMicted to show the 
compound-interest type of growth? 

449. In what respects does plant growth not resemble that of money 
at compound interest? 
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DEVELOPMENT AND MORPHOGENESIS 

'I'ho mechanism of hcioclity, which is responsible for the 
transmission of the traits of parent to offspring, is now fairly 
well known, but how this controls the process of growth is one 
of the most difficult and least understood of biological problems. 
A fertilized egg divides to form a group of cells. This enlarges 
and the rudiments of cotjdcdons and root soon become visible. 
As the embryo grows further, its organs assume a more definite 
form, and at germination they unfold into the parts of a typical 
plant similar in character to the parents from which it came. 
The same sort of orderly development may also be observed in 
the formation of plant organs from a mcristem. Thus, at the 
growing point of a bean plant the first indication that a new 
leaf is to be produced is the appearance of three tiny swellings 
close together at one side of the meristem. By rapid cell mul¬ 
tiplication these increase in size, and a strand of elongate cells 
appears which is connected ^\^th the differentiating vascular 
cylinder below. Each lobe expands in length and width, and 
soon the compound leaf of the bean plant has been formed in 
miniature though its parts are still closely folded together. As 
this grows, the relative proportions of each leaflet remain essen¬ 
tially the same. When the whole has reached a length of a few 
millimeters, the petiole begins to elongate, and soon the mature 
leaf, thousands of times bigger than the tiny primordium from 
which it grew, has developed. Similarly, the fruit of a squash, 
often thousands of cubic centimeters in size at maturity, may 
be traced in its development from a tiny group of cells so small 
as hardly to be visible to the unaided eye; and its characteristic 
shape is already established when this primordium is only about 
one-millionth of its final size (Fig. 134). To watch an organ 
like this unfolding and passing through the same developmental 
stages which are precisely repeated in every similar organ and 
which are characteristic for that particular plant cannot fail 
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to impress one who observ’es it with the fact that growth and 
differentiation arc taking place under a definite and orderly 
control of some sort. It is this wliich leads to the production 
of those precise bodily forms and structures which are so dis¬ 
tinctive of living things. These are maintained even when tlu* 
materials composing them are changed, and are restor(‘d when 
altered by e.xternal factors. A living thing is an organized and 
integrated structure, well named an organism. That branch of 
biologj' which is concerned with these developmental problems 
is called morphogenesis or experimental morphology. It in\‘olves 
not only morphology and embryology but physiology, genetics, 


%9>JK 

Ftu. 134.—Fruit dovolopiuont iti the »<|ua.sh. Tho five fifcuro> at the left 
arc longitudinal section.*! through the tiny priniordiurn of tho ovary in its very 
early Ktago. Tho Meale 9hown ropresentn one niillimotor. .\t the right, on a 
acalc about 100 timea largo, is a .section through tho mature fruit of thiu type. 
The shntH? of tho fruit is evidently determined when it is still very small indeed. 

and ecology, together with biochemistry and biophysics. Mor¬ 
phogenesis in a sense is the focal point of the biological sciences. 
Plants provide especially good material for morphogenetic; 
study and many of the important advances in this field have 
been made with plant material. In tlic present chapter some 
of the main phenomena w’hich can be ol)served in the develop¬ 
ment of plants W'Ul be discus.sed, together with the more impor¬ 
tant factors which have been shown by experiment to play a 
part in the developmental process. 

Correlation.—The clearest expression of the fact of biological 
organization is the way in which the growth of one part of the 
plant is correlatcel with that of another. The relative growth of 
root to shoot, of nucleus to cell, of length to w idth in a developing 
fruit, of terminal bud to lateral bud (Fig. 135), are examples of 
this correlation. These parts always keep step with each other, 
80 to speak. The growth activity of one is closely linked with 
that of another so that what develops is an orderly w'hole, and 
not a chaos. 
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In some cases the means by which growth correlation is brought 
about seems obvious. Nutrition, for example, is often an 
important factor. The root is chiefly dependent for its growth 
on food made in the leaves, so the size of the root system natu¬ 
rally is closely related to the size of the leaf system, either in a 
plant growing from seed or in roots developing from a cutting. 
Similarly, if a .small branch bearing leaves and flowers is girdled 
.so that food cannot leave it, the size of the fruit which develops 
on it is proportional to the area of the leav’es on the branch. 
The size of a .seedling plant depends on the size of the seed from 
which it grows, since most of the seed is resen-e food which is 
used by the seedling in its growth. 



Fio. 135.— Diagrnin of tho ^owth of a fir tree through four seasons* The 
yearly growth of the trunk in this case is tmeo as great as that of tho branches* 
Tho close correlation between amount of terminal and lateral growth results 
in tho maintenance of a constant spiro-Ukc shape for tho tree* 

Some correlations are clearly due to the stimulation of growth 
by other means than nutrition. Thus most fruits ^vill not 
develop unless the ovules which they contain are fertilized and 
grow into seeds, and the size of the fruit is often related to the 
number of seeds which it contains. Evidently there is a chemi¬ 
cal stimulation passing from the growing seed to the tissues 
of the ovary. Similarly, it has been shown that the growth of 
roots on a cutting placed in the soil is much greater if there are 
buds on the cutting, presumably because of a root-stimulating 
substance formed in th^se buds. 

Many growth relations, on the other hand, seem to be due to 
competition between parts or to the inhibition of one part by 
another. In some plants the presence of several growing fruits 
vill prevent the development of any others, since these fruits 
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have, so to speak, a priority on the food manufactured by the 
plant. The growth of buds may be checked in the same way. 
When the terminal bud of a maturing cotton plant has stopped 
growing because the food supply has been diverted from it to the 
competitive lateral branches and fruits, it will begin to grow 
vigorously again if grafted on a young plant. In some tuber- 
forming species the tubers are poorlj' developed wljen fruit is 
formed abundantly, but grow large wlien there i§ little fruit. 
This competitive correlation can often be brought about arti- 
fically, as in the common practice of fruit thinning. If too 
many j'oung fruits begin to develop on an apple tree, for e.\am- 
plo, the crop will consi.st of relatively small apples since there 
arc many competitors for the food supply; but if some of the 
young fruits arc removed the rest will grow larger. In the same 
way, giant chrysanthemum blo.ssoms are produced by removing 
all the flower buds on a plant except one. The practice of 
“topiar>',” by wluch plants can be made to grow into odd and 
unusual forms, consists in cutting olT some of the buds and thus 
stimulating a compensatory growth in others. 

In many cases true inhibition of one part by another occurs. 
Thus in a growing branch with a strong terminal bud, the lateral 
buds below will make relatively weak growth, but if the terminal 
bud is removed, the lower ones at once begin to grow actively. 
It has been shown that the temiinal bud in such cases produces 
a substance which passes downward and checks the growth of 
shoots below. Leaves, too, will sometimes inliibit the growd-h 
of buds below them (Fig. 136). Other cases of inhibition are 
more complex. A leaf which, if it remained attached to the 
plant, would soon stop growing may begin to grow again if 
cut off and rooted in the soil. Its existence as part of a larger 
correlated whole in some way limits its growth. 

In many cases, however, there is no obvious mechanism by 
which growth is correlated. Thus the various dimensions and 
parts of a developing organ, like a leaf or fruit, do not increase 
at the same rate, and the result is that structures of specific 
pattern are produced rather than spherical masses of tissue. 
Even here, however, there is a definite relationship, since the 
ratio between the growth rates of the two parts or dimrensions 
remains constant. This is best shown by comparing the per¬ 
centage or compound-interest rates, as can readily be done by 
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plotting the logarithms of the two dimensions against each other. 
The fact that in such a case the points fall along a straight line 
shows that the relative growth rate does not change, regardless 
of the actual rate at which the stmctiires are growing (Fig. 137). 
'Phis relationship may be expressed by stating that the logarithm 



Ftu. 136.—Inhibition of bud by loaf. Ono member of a pair of oppoMto loaves 
of BryophyUum has boon removed. The bud below the former position of this 
leaf grows out, but the ono below the remaining loaf is prevented from growing. 
{From J, Loeb.) 

of X equals the logarithm of b plus k times the logarithm of yy 
in which x is one structure or dimension, y the other, b the value 
of y when x equals 1 (thus determining the level of the relative 
growth line) and A; is a quantity, constant in value, which meas- 
• ures the slope of the line. If k equals 1 the two structures are 
growing at equal rates. If it is greater or less than 1, one is 
growing faster than the other and a progressive change in relative 
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size, and thus in form, results (Fig. 137). The significant fact 
is that the ratio between the two rates remains the same. The 
mechanism by which this is controlled, and by which regular 
changes in fonn are brought about as growth takes place and 
specific organic patterns are thus produced, is unknown. 



Fig. 137. — Holative growth. Lvngth plotted against width, logurithnucuU.N. 
in •'bottle" gourds. Circles, "mininturo” typo; cros.Hcs,"giunta." All points 
fall on an approximately straight line, ^ho sIojkj of which is less than 46 degrees 
from the horisontal. showing that length grows only nl)out eight-tenths as fast ns 
width but that this relative growth rate rernnlns constant. As thc^fruit grows 
larger, it grows relatively wider ot n constant rate. (Prom E, W. Sinnoit.) 

Differentiation.—The development of a specific form is not 
the only result of growth in a plant body. Equally significant 
is the fact that the various parts of the body become very different 
from one another in many respects. This phenomenon of differ¬ 
entiation is the more remarkable since experiment has shown that 
groups of cells from many parts of the plant are able, if isolated, 
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to regenerate an entire plant of the same sort, thus showing that 
in their fundamental genetic constitution these cells are all alike. 
What it is that causes them to become visibly different while 
maintaining this genetic uniformity is another in the long list of 
diflicult problems in plant development. 

Certain of the differences are large and conspicuous, notably 
that between tlie root and the shoot. These two main organ 
systems differ in external and internal structure, method of 
growth, physiological behavior, and other respects. They are 
set apart very early in the development of the young embryo, 
often at the third cell division. There are differences, too, 
between the first-formed and the later parts of the shoot, espe¬ 
cially in the character of their leaves. “Juvenile” foliage 
occurs in early development in eucalyptus, various conifers, and 
other plants (Fig. 238). Marked differentiation may take place 
as the plant enters the reproductive stage. Thus the common 
English ivy in the vegetative condition has a climbing stem with 
three-lobed leaves. Branches which bear the flowers do not 
climb, but grow away from their support, and .possess ovate 
leaves. Cuttings made from these grow into upright tree-like 
plants quite unlike the typical ivy, to which they rarely revert. 
Evidently a profound differentiation has taken place in them. 

The origins of these differences between organs, of course, 
must be in the gro\Wng points from which they are formed. 
Whether the bud is to give rise to flowers or a leafy shoot depends 
on structural differentiations which take place in the early 
history of the bud meristem. Under certain conditions, notably 
of day length (p. 272), tiny buds, which will later form flowers, 
appear in the axils of the leaf primordia. Under other conditions 
these are absent and a vegetative branch develops. 

Sometimes the actual beginning of differentiation can be 
seen at particular cell divisions. In the simple fern Schizaea, 
for example, which grows by a single large apical cell, each 
daughter cell which is cut off from the lower surface of this cell 
itself divides into an outer and an inner one. Each divides 
again and the four cells thus formed give rise respectively to the 
epidermis, cortex, endodermis, and vascular cylinder. Such 
simple “cell lineages,” at least in the higher plants, are not 
common. Occasionally, however, it is possible to observe 
marked differences in two daughter cells which are to have 
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different fates. Thus in the growng region of certain roots, 
the last division of a surface cell produces two verj' unlike cells 
(F'ig. 138). The one toward the apex is smaller, has denser 
protoplasm, and develops into a root hair. The other is larger, 
has less dense contents, and forms a hairless cell. Differentiation 
seems often to begin in some such way as this, but its onset i.s 
usually not clearly visible. How a given cell will differ from its 
neighbors depends in some way on its position in the general 
developmental pattern of the organ or organism. It has well 
been said that “the fate of a cell i.s a function of its position.” 



tiij. 138.—Differentiation at lost cell division. Surface cells from root of 
Phleum at three auccc^vo .stages (compare with Fig. 122), At the last division 
near the fneristeiii (two shown at A), two uncipinl rolls are formed and boooino 
very different (/i and C). The smaller one, toward the a|)cx (left), becomes a 
root hair; the larger is a hairless coll. (From Sinricit and Bloch,) 

Polarity.—Another remarkable feature of plant development 
is that along the stem and root or other structures that consist 
of a regular shaft or axis there seems to exist a definite polarity, 
so that if a piece is cut out, its two ends will behave in a different 
fashion. The end which was nearer the base of the shoot 
consistently regenerates structures unlike those from the end 
which had been nearer the tip. The most familiar example 
of this is provided by young stems of willow which under favor¬ 
able conditions produce new roots and shoots \ery readily^ 
If a piece of young stem, in its leafless winter condition, is 
suspended in moist air in the normal position (basal end below 
and apical end above) roots will develop at the lower end, 
and shoots from the buds at the upper end. If such a stem is 
hung “upside down” roots will still tend to grow from the orig¬ 
inally basal end (now uppermost), and shoots from the originally 
apical end (now below), as shown in Fig. 139. Thus, the orig¬ 
inally basal end tends to produce roots, and the originally apical 
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end to produce shoots, and this tendency is evident no matter 
how long or how short the pieces are and persists even when 
the usual relation to gravity is reversed. The analogy at once 
suggests itself to the behavior of a magnetized needle, in which 



Fia. 139.—Polarity in a willow shoot. A, portion of a stem suspended in 
moist air in its normal position, and producing roots and shoots. B, a similar 
stem suspended in an inverted position. {After Pfeffer.) 


there is always a “north” and a “south” end, not only of the 
original needle but of every piece into which it may subsequently 
be cut. 

Such polarity has been observed in the roots and stems of 
many plants and found to be very difficult or impossible to 
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destroy and to be largely independent of environmental condi¬ 
tions. Thus, in “weeping” varieties of willow, where the young 
stems hang doumward, it is nevertheless the end next the main 
stem (and thus morphologically basal), but which is now upper¬ 
most as far as actual position is concerned, which tends to 
produce roots. 

Inverted stems, with the apical end placed in moist soil, 
may be induced to form roots at that end and shoots at the other, 
but under these conditions growth is not so vigorous as wlieii 
the stem is in its “normal” position. Rooted stems have some¬ 
times been made to grow for several years in an inverte<l position 
without losing their original polarity, as is shown by the fact- 
that when turned “right side up” again they will produce both 
roots and shoots much more strongly. 

Roots also show a polar character, though not in such con¬ 
spicuous fashion. Thus, sucoe.s.sive pieces cut off from the tap¬ 
root of a dandelion will heal the cut surface of the apical eml 
(the one originally farthest from the rest of the plant) by the 
formation of a wound callus, but this is weakly developed or 
ab.sent on the other end of each piece. 

Polar relationships are important in growth. Vbchting 
found that if he cut out a small piece of tissue from the swollen 
stem of a kohlrabi plant and put it back into its original posi¬ 
tion, the cut tissues would knit together again; but that if tin* 
pieces were inverted before being replaced, this attachment 
would not occur, and the severed bit would die. Thus, in the 
process of budding and grafting it is important to have the 
polarity of the bud or scion correspond to that of the stock. 

Polarity has been observed among all groups of plants from 
the simplest to the most complex. There is evidence that e\’eh 
single cells arc polarized. In one of the simple algae, which 
consists of a filament of cells attached by a specialized “hold¬ 
fast,” it is possible to separate the individual cells temporarily 
by plasmolysis. After recovery each cell begins to develop 
into an entire plant. In such cases it is from the basal end that 
the holdfast cells develop and the rest of the plant from the apical 
end, as though the polarity of each cell were affected by its 
position in the original plant body. 

The physiological basis of polarity is also evident in the direc¬ 
tion of movement of certain substances. The hormone auxin, 
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for example, will move toward the base of a stem but not in the 
opposite direction. Differences in electrical potential between 
different parts of the plant have often been shown, and may be 
related to these phenomena of polarity and thus ultimately to the 
problem of pattern, but as3'et these problems are far from solution. 

Regeneration.—The control which tics together the various 
parts of a plant as they develop operates not only during normal 



Fig. 140. —Section throuRh a notch in the leaf of Bryophyllnm. showing a 
foliar embryo/* with two leaf primordia above and a root primordium, buried in 
tlio tissue, below, {From B. E. Naylor.) 


development, but after injurj' or loss of parts, for under these 
conditions the plant tends to restore the lost parts and the 
correlation which normally existed between them. This process 
is known as regeneration. 

The simplest cases are those where, as in many single-celled 
plants, a cell wiW repair itself. Similarly if a small portion of 
the terminal meristem of the root or the st«m is removed, the 
remaining embryonic tissue wdll be reshaped into a typical 
growing point again. If the meristem of a shoot is split down 
its center, each of the two halves will often regenerate into an 
entire stem. 
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Usually, however, loss involves more than tlio prowing region 
and in such oases restoration of missing parts is accomplished 
by the development of new growing points. The most familiar 
e.xample of this, and one which is of great imj^ortance in plant 
propagation, is the formution of roots on pieces of shoot which 
have been cut ofT from their own root system and have their 
basal ends placed in soil or water. This is an important method 



ti«. 141.—UcRfnoration of roots and buds from dflacJiLnl loaves of Achimtnea. 
InoiM? develop boat at the end of the i>ctiole and where the voiiia have l>cen 
cut. {After Goebd,) 


of producing many new plants from a single individual. Some¬ 
times the growing points from which these new roots develop 
were already present but dormant (Fig. 140). In any case the 
essential fact is that the stem has restored the missing root system 
and soon achieves a normal balance between root and shoot. 
An individual leaf cut off and placed in soil or water will some¬ 
times regenerate both roots and shoots (Fig. 141), thus restoring 
the entire plant, but leaves of most plants wiW develop only roots. 
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Other organs than roots may be restored after being removed. 
In all such cases the first structural change observed is typically 
the formation, on the wound surface, of a mass of swollen thin- 
^\■alled cells known as a callus, out of which the new meristems 
begin to develop. 

Where adventitious buds, which will grow into new shoots, 
form at the surface of a leaf or a stem in this process of restitution 
it is sometimes p<»ssible to trace an entire shoot to a single cell 



Kiu. 142.—Development of ndveiititioii.s bud from rolls of the loaf epidermis of 
Sainipaulia. A, mature epidermal colls that have bcKUii to divide; B, further 
division; C. young bud forming from two original epidermal cells, the outlines of 
which can be soon; D, later stage of bud formation. This primordium will make 
connections with the vascular supply of the leaf, form root initials, and finally 
develop into a young plant. (_Aftcr E. E. Naylor and B. JokMon.) 


of the epidermis. This cell, stimulated in some way to retrace 
its steps, so to speak, and become embryonic again, divides 
several times and the group of small cells thus formed inside 
its walls grows out into a young bud and finally into a shoot 
(Fig. 142). This fact is significant since it shows that a mature 
and rather specialized cell has not lost the power to form an 
entire plant. What prevents it from doing so, in a normal 
uninjured plant, is another aspect of the general problem pf 
correlation. 

Tissue changes which restore lost parts are also of much 
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interest. In some plants a typical epidermis, provide<l with 
cuticle and stomata, will be regenerated from cells of the cortex 
or elsewhere which normally would have had a very <lift‘erent fate. 
If a vascular bur»dlo, such as the \’eiii of a leaf, is sevenul l>^• an 
incision, the two ends will olten become unitcul bv the de\'elop- 
ment, around the edge of the cut, of m>w vascxilar ti.-^sue formed 
out of cells which had previously been simple pannichyma cells 
(Fig. 143). Kven the whole anatomy of an t^rgan may be alteretl. 
If an isolated petiole develops rot>ts from its base and a shoot 



I* to. 143.—Tia^iuc rcKeiicruUon. Lvfl. cliairruiu of lohi;itu<liiuil bcction of 
ftleiii of CottUH Mliouing removal of wiMlgi'-.^hapetl piece of utu\ cutting of 

two main va^culur bundles (stipple<i). After almut two weeks u new v«i.sculiir 
strand has dovelot>ed in whut oripnall>' pitfi tissue und eonneetH the sevorul 
strands. Right, detail, much enlarged, of a bit of this rcgiMjeratiHl strund. show* 
iiig coils originally destined to l>e parenchyma cello of tlio pith that have now 
dovelo|>cd pores and spiral iignified thickenings and become vessel colls. (From 
SinnoU and Btaeft,) 

from its ape.x und thus functions as a stem rather than a petiole, 
its internal stnicture becomes stem-like. Here again there is 
evident the tendency to restore a complete, normal individual. 

Abnormal Development.—However precise anti regular the 
processes of development may be in mt)st eases, tliey sometimes 
are seriously disturbed, with the result that abnormal growth 
takes place. The science of teratology is concerned with tlie 
study of such abnormalities and monstrosities, very many 
examples of which have now been described. Cones or more 
specialized flowers may grow out into leafy brandies. Petals 
or stamens may become green and leaf-like. Stems may grow 
flat and strap-shaped or fasciated instead of round. Leaves may 
appear in most unusual situations. Ovaries, instead of remaining 
closed, may open and expose their ovules directly to the outside. 
Some of these abnormalities are so extreme that tlie plant soon 
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dies; but in many cases thej' are not very serious. They show the 
enormously varied possibilities in a gro^^^ng plant, and their 
study is proving of value in determining the factors controlling 
normal development. 

Morphogenetic Factors.—The factors which so direct growth 
that it results in an orderly series of correlated dev'elopmental 
processes are as yet but vaguely understood. A rather wide 
variety of specific factors have been investigated, however, each 
of which appears to play some part in growth and development, 
though our knowledge is as yet too incomplete to make possible 
tlie formulation of any general theory of morphogenesis. 

Water.—Most important of any of the chemical substances 
in plants, as lias been shown in previous chapters, is water. In 
addition to its other roles it seems also to play an important part 
in development, for if a plant is grown in an environment where 
water is abundant it will be markedly different from a similar 
one grown where the supply of water is deficient. This difference 
shows itself in many ways—in size of cells, thickness of cell 
walls, relative development of vascular tissue, growth of cuticle, 
abundance of stomata per unit of leaf area, and many other 
respects, a study of which is one of the most important aspects 
of ecological anatomy. 

Water probably produces these effects in a variety of ways, as 
by modifying cell turgidity, by affecting the degree of hydration 
of the cytoplasm, and by changing the amount and rate of the 
transpiration stream. It may cause a more direct effect in the 
case of certain “amphibious” plants, such as the water buttercup 
(Fig. 144) and mermaid weed, which will grow either under water 
or on the shore and where some of the leaves may be borne in 
the water and some in the air. There is a marked difference 
in such plants between the submersed and the aerial leaves, 
the former being thin in texture and finely divided whereas the 
latter are like normal foliage. In such cases the watery medium 
evidently affects differentiation at the growing point, though 
whether it does so directly or through modification of gas, 
exchange, nutrition, or other conditions is uncertain. 

The structural changes found in xerophytes (p. 306) are 
often regarded as adaptations which enable the plant to survive 
in an environment where water is scarce. Many of them, how¬ 
ever, are more probably due to direct morphogenetic effects of 
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differences in water supply and may be of little or no advantage 
to the plant. This is especially true of changes in cellular char¬ 
acters which may be observed in lea\ es from successively higher 
levels in a tree. Toward the upper level all the cells, including 
hair and stomatal cells, become smaller, there are more of 
them, and there is greater vein length per unit of leaf area and 
in general a thicker cell wall. These are characters associated 
^nth the .\erophytic habit, but they are probably all due to the 



fio. 144*^An "atnplubiouB" pluni. The water butterrup, Ranunculun 
<Kt^u2tUi9, in which the submersed loaves arc much di^isocted but those in the nir 
aro like normal leaves. {From J, E, Wearer and F, E» ClcmctUe.) 


smaller cell size in the higher leaves which, in turn, results from 
the fact that these leaves, because of their position, obtain less 
water than do the lower ones. For this reason the cells of the 
developing upper leaves are unable to expand as much as those 
of the lower ones and the various structural dilTorcnces follow. 

In plants under dry conditions, where transpiration is high, 
the vascular tissue is often relatively better developed than where 
water is abundant, and this has been regarded as an adaptation 
permitting the conduction of more water. Experiment has 
shown, however, that far less vascular tissue than a plant normally 
has is sufficient to transport its water supply. For example, a 
young com plant from which all of its rdots except one have been 
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severed and whose only contact with the soil is through a vascular 
system less than 1 per cent of the normal area, wdll grow almost 
as well as one which retains its entire root system. The extreme 
development of vascular tissue under dry conditions therefore 
is probably not related to the physiological stimulus of greater 
conduction, but to some more indirect factor, perhaps the 
greater accumulation of carbohydrates. 

Gravity.—Many plant parts show in their structure a definite 
relation to gravity. This is not evident in vertical axes, around 



Fiu* 145.—EfToct ot potsitiou vni\\ roferouco to gravity (aaid light). Relative 
si EC and shape of loaves on borisontal branches of the sugar iiiapio (from aver¬ 
ages of 250 tnoasurements of each type). The upper member of the vertical pair 
and the upper halves of each leaf of the horiEontal pair are relatively smaller than 
the corresponding structures below. (From StnncH.) 

which lateral organs are symmetrically distributed, as in the 
phyllotaxy of leaves, but is pronounced in those whose chief 
extent is in a horizontal direction. Here the upper and lower 
surfaces are often markedly different and a characteristic dor- 
sivenlral structure is assumed. Leaves, rhizomes, and even 
flo^vers show this character. That it is related to gravity may be 
proved by placing such organs on a clinostat, which rotates them 
slowly, still horizontal, and thus exposes all sides equally to 
gravity. Under these conditions many asymmetrical or dorsi- 
ventral structures return'to-radial symmetry. 
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Horizontal branches often show a marked dorsiventrality. 
In the maple, for example, the leaves arising from tlie upper 
sides of such branches, and the upper half of the side leaves, 
are much smaller than the corresponding lower ones (Fig. 145). 
Cro.ss sections of larger horizontal branches show the effect of 
their position by the eccentric character of their growth rings. 
In g\’mnospermous plants, such as our coniferous trees, tin* 
lower side of each growth ring is thicker than the upper so that 
the pith is well above the center of the branch. In the angio- 
sperms, strangely enough, just the reverse is usual’y tlie ca.se. 

In many of tliese examples of dorsi^■entral structure it is 
diflicult to distinguish the effect of gravity from that of othci- 
factors, especially of light. Ciravity seems rarely to act ilirectlv 
in controlling structure, but rather by modifying other agents, 
especially the distribution of nutrients and growtli substances 
(p. 279). 

Light.—Aside from its primary significance in pliotosynthesis, 
light has important morphogenetic effects. The direction from 
which it comes determines to a considerable extent the direction 
of growth of leaves and stems. The intensity of illumination has 
also a profound effect upon structure. Leaves growing in rela¬ 
tively bright light, as on the south side of a tree, have a thicker 
palisade layer, smaller intercellular spaces, and a heavier ejn- 
dermis than others on the same plant but expo.sed to weaker 
illumination (Fig. 116). In weak light, plants tend to show a 
pronounced change known as etiolation, the stems growing 
abnormally long un<l slender anri the leaves being poorly devel¬ 
oped (Fig. 147). Internally, the cells tend to be much elon¬ 
gated, and the vascular and suppt)rting tissues weak. Whether 
strong light produces a substance which checks elongation or so 
affects the permeability or other characters of the cells that 
growth is abnormally di.stributed is still a matter of debate. In 
its phototropic effects light evidently causes a tlifferential 
distribution of growth hormones, with consequent bending. 

Very intense illumination may also produce structural changes 
through its harmful effect on protoplasm. To the ultraviolet 
rays living substance is particularly sensitive, and in many 
plants the position or structure of parts may be so modified 
that a relatively small surface is exposed to very bright light. 
In some plants, for example, the leaves are so arranged that the 
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surface of the blade is presented to light of moderate intensity 
but only the edge to the brightest light. 

The cjuality, color, or wave length of light is also important 
in j)lant development. This is more difficult to study since 
lights of ditTerent colors in the same specti'um are of different 
intensities, and in comparing lights of two different colors care 
must be taken to ha\’C the intensities e<iual. In general it may 
he siiid that in the longer wave lengths, toward the red end of 
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Fi<>. 14G.— ChanRos in leaf structure produced by en\nronnjontal conditions. 
Transverse sections tItrouRli two leaves of a siitRle tree of the sugar maple. 1, 
from the south side of the tree, fully exposed to the sun. 2, from the center of 
the leafy crown, and much shoded. Differences in both light and rate of trans¬ 
piration are responsible for the marked difForences in structures hero visible. 
(After Hariaon.) 

the spectrum, plants tend to become etiolated almost as much 
as in the dark. Blue light tends to check etiolation and to 
increase differentiation of tissues. Experiments in this field 
have yielded many contradictory results, however, and the 
relations of wave length of light to development, though undoubt¬ 
edly important, are not at all clear. 

The relative length of light and darkness to which a plant 
is exposed has been shown to have a remarkable effect upon the 
character of the organs produced at the growing point. For 
many plants a long day and short night, such as occur in the 
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Flo* 147.—Etiolation. Tho two boon sccdings arc of tho same ago but the one 
at the right waa grown under normal illuminationi tho one at tho loft, in darknoasi. 
Note the longer intemodea, tho paler color, and tho XH>orer leaf^devclopmont of 
the darkened plant. 



272 


BOTAXY: PRIXCIPLES A.\D PliOBLEMS 


Xorthera Hemisphere in June, stimulate the development of 
^•egetat^^'c structures (leaves and stems) only, and it is not until 
tlie days become considerably shorter that reproductive struc¬ 
tures are formed. In other plants precisely the reverse is true. 



Fui, 118.—Variations cauised by difforonoos in the dail>' porio<} of illuniinution. 
Tl)e plants at the left have been exposed iluriiiK ^Jowth to relatively short daily 
illumination; those at the ri^ht to a relatively long ono* Above, plants of Cos¬ 
ines, a “short day*’ plant, in which floworinR is hastened by shortened days. 
Uelow, red clover, u “lon^ day” plant, in which n shortened day greatly retards 
rtoworing, (From IT. \\\ Garner and //. A. Allard.) 

long days stimulating reproduction, and short ones confining 
the plant to a vegetative condition (Fig. 148). This photo- 
periodism allows horticulturalists to force plants rapidly into 
flower or to hold them as long as desired in a vegetative state, 
by growdng them under artificial illumination the duration of 
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which can be controlled. Typical “long-clay” plants (reephring 
a long day to flower) are hibiscus, timothy, and ra<lish; typical 
“short-clay” plants are ragweed, a.ster, bean, and toba«cc>. 
Some plants, like tomato, are but slightly affected by day 
length. 

The photoperiodic effect doubtless involves .several metaboli(r 
processes and is concerned in the formation of tubers and other 
storage organs as well as of flowers. In some dioecious plants 
like hemp it is even possible to reverse the normal .-^ex e.xpre.ssion 
by changing the length of day, short days fa^•oring the formation 
of female fle^wers and long days of male ones. 

In some plants the eflect of day length is sharply localize*!. 
Often if a single young leaf is exposed to the day lengtli which 
favors flowehng in a given species, the bu<l in its axil will form 
flowers, but none elsewhere in the plant will do .so. In other 
cases, however, the stimulus to flower formation may be carricMl 
from one part of the plant to a distant one. 

The effect of light in determining the distribution of certain 
growth substances is important in producing a.symmetrical 
stnicturcxs in those organs which are oxp*»sed to light on one* 
side more than on another, and thus notably in horizontal organs. 
Here its elTect is often hanl to separate from that of gra\ ity. 

Mechanical Factors.—Another group C)f factors that have 
been widely studi<*d as to their role in determining plant struc*- 
turc are the simple mechanical ones of tension, comprc*.ssion, 
bending, swaying, and so on. Conflicting results have been 
obtained, but it is now generally* agreed that, at least in many 
cases, a tension or pull on a growing plant organ like a stem tends 
to result in ti.s.sue with relatively small and thick-walled cells, 
whereas compression ha.s the opposite effect. This is best .seen 
in stems which have been bent at a rather .sharp angle during 
growth, and where the conv'ex side is thus untler tension and the 
concave under compression. Plants swayed back and forth 
during growth develop an excess of mechanical tissue, particu¬ 
larly in the plane of the swaying. If a stem, ev’en of a fair-size<l 
tree, is prevented from swaying in the wind by being tied firmly 
with guy ropes, it has been found to be relativelj'^ thinner and 
weaker in the portion of the stem which is supported, and 
markedly thicker in the free part. The eccentric growth of 
the horizontal branches, already discussed, has been attributed 
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to the fact that the upper side is under tension and the lower 
under compression. Whether in all these cases the mechanical 
factors affect structure directly or whether they do so by modify¬ 
ing transpiration, nutrition, hormone distribution, or other 
activities of the plant is not known. 

Even in the development of the plant itself there are tensions 
set up because of unequal growth of tis.sues. In many young 
stems the cells of the pith ten<l to expand faster than those of 
the outer layers so that the former are being compressed and the 
latter stretched. If the stem is split lengthwise so that those 
tensions are released, the inner tissues expand and the outer 
ones contract so that each half cunes outward. These internal 
strains perhaps play some part in cellular differentiations. 

Another factor, geometrical rather than strictly mechanical, 
is change in surface-\'olume relations. If a structure grows 
without change of form its volume increases much faster than 
its surface. When the surface is important physiologically, as 
in absorption, the balance between surface and volume is often 
maintained by the development of folds and wrinkles in the 
former. This can well be seen in a comparison of the large 
chloroplasts of certain algae, highly complex in pattern, with 
the much smaller and nearly spherical ones of other plants. 
In a somewhat similar way the diameter of a tree trunk grows 
relatively faster than the rest of the tree, since the cross-sectional 
area of the trunk tends to keep pace with the volume of the tree 
whioh it must support. This is the same principle, of course, 
which determines that an elephant has relatively much stouter 
limbs than a mouse. 

Temperature.—The formative effects of temperature are 
more important than they were at first thought to be. It has 
been shown to play an important part in photoperiodic reactions, 
since the effect of a given length of day may be different at 
different temperatures. A species may even behave as a short- 
day plant at one temperature and a long-day one at another. 

More important, however, is the profound effect that tempera¬ 
ture during germination has been shown to have on later plant 
development. If germinating seeds of winter wheat are left 
at a low temperature for a time, the plants which grow from them 
will flower much earlier than they would have done otherwise, 
and may be used as spring wheat. This phenomenon of vemaliza’- 
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(ion is now being actively studied because of the possibility 
which it presents of radically changing the character of a plant 
by a simple modification of the environment. Its use has been 
especially emphasized by Russian agriculturalists, who see in it a 
hopeful moans of improving crop plants. 

The problems involved in vernalization are difbcult. since 
light as well as temperature is concerned in the xosult. Its 
effects are explained by assuming that a developing plant must 
go through a rather long series of stages, each a nece.ssary pre¬ 
cursor for the ne.xt. Jiy exposing the embryo to low temperature 
at the very beginning of seedling development, the early steps 
in this series are telescoped into a shorter time, so to speak, and 
the whole process is accelerated. As the young seedling emerges. 
It is then in a relatively later stage of development than it would 
have been if started at a higher temperature. A clearer under¬ 
standing of the mechanism of this process should throw much 
light on the problem of embryonic determination. 

Electricity.—Finally, electric phenomena may play an impor¬ 
tant part in morphogenesis. The use of delicate instruments 
has showTi that very weak electrical currents often flow through 
plant tissues and that difTerent regions show constant electrical 
differences from other regions. Thus, between the tip of a 
vertical stem and the parts below it there may be a difference 
in electric potential which may cause a current to piuss through 
the tissue. It has been suggeste<l that even the two ends of a 
single cell may thus be electrically unlike and that each cell is 
perhaps to be regarded as a tiny electric battery. It may be 
that the polarity of axial structures, which has been discussed 
above, is essentially electrical in origin. 

Chemical Substances in General.—The roles of various 
chemical elements in plant development have long been studied. 
All the so-called ‘‘essential" elements are doubtless concerned, 
but their particular effects are not well understood. Phosphorus, 
because of its relation to nucleic acid, is concerned wdth cell 
division and thus with rapid growth and reproduction. Calcium 
is associated with celi-w'all formation. Nitrogen, from its 
presence in proteins and thus in protoplasm, is especially abun¬ 
dant in meristems. It is doubtful, however, w'hether any of 
these elements has a very important morphogenetic effect 
independently. 
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The relative abundance of certain chemical substances, howev'er, • 
has been sl^o\^^l to be of marked importance. This is particularly 
the ease in the relationship between carbohydrates and nitrogen. 
When tlie former is relati^'ely scarce and the latter (usually in 
the form of nitrate salts) relatively abundant, a condition often 
found among plants growing in heavily fertilized soil, there 
is acti\’e synthesis of new protoplasm, the development of lea^•es 
and stems is particularly vigorous, and flower buds cither fail 
to form t)r are generallj' abortive. When carbohydrates are 
relatively abundant, as in plants actively carrying on photo¬ 
synthesis but without a large supply of nitrogen, the differen¬ 
tiation of flower buds is stimulated, and abundant fiaiit is 
produced. By some mechanism the vigor of growth is directed 
to different structures in these two cases. Abundance or dearth 
t)f water often seems to have results similar to relative abxindance 
and dearth of nitrogen. This chemical determination takes 
])lacc very early in the development of a meristematic region. 
Thus in most apple trees the buds from which a season’s growth 
comes are formed the year before, and as early as the June of the 
previous summer it is determined whether a leafj' branch or a 
flowering shoot will grow from a bud. 

The relative abundance of carbohydrates and nitrogen has 
other important morphogenetic effects. Cuttings from plants 
high in carbohj'drates have been found to form larger root 
systems than ones relatively poor in these substances though 
having abundant nitrogen. Similarly, the relative size of root 
to shoot in a young .seedling is greater in seeds which have a 
high proportion of carbohydrates to nitrogen. Evidently excess 
carbohydrate tends to stimulate the formation of roots and 
excess nitrogen that of shoots. The problem is not quite as 
simple as this, however, for water supply is also a factor, as is 
the particular character of the carbon and nitrogen compounds. 
The carbohydrate-nitrogen relationship may be important in 
those manifestations of polarity which are concerned ^\ith the 
distribution of roots and shoots. 

Growth Substances.—Many specific chemical substances 
have been found to exert morphogenetic effects. The occurrence 
of “organ-forming substances” was suggested by the German 
physiologist Sachs many years ago. Since then, and especially 
by recent students of the problem, many substances have been 
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described which have marked importance in the growth and 
de\elopment of plants. Some of tlie.se, since they are formeil 
in one part of the plant but j)i’oduce their elVects in another, 
have been compared to the hormones of animals and terme<l 
hornioncn or phytohormones. Others liave been called 
growth regulators, ^'itamins tp. 210) are also concerned with 
development and often cannot well be distingnished from 
horrnone.s. All these classes of chemical substances have impor¬ 
tant influenec.s on plant jjrowth and development but are elective 
in exceedingly small quantities, thus distiiiKuishinR them from 
nutrient materials \\hi<*h j)ro\ide enei^v an<l building stutfs 
and are required in relatively large amounts. The former are 
often distinguished by the term growth substances. They are 
now being acti\ely stu<lie<I by many in\estigators. 

The first of such substances to be described were ‘‘wound 
hormones," frequently' produced at cut surfaces or otlicr injuries 
and stimulating cell division just below such .surfaces and 
finally the development of a layer of protective ti.ssue. Thev 
.seem to be responsible for mo.st wound healing in pl.ants. Some 
of these have been isolated in ptire condition from wounded 
plant tissue and are able to induce cell division in other kinds of 
plants. 

The growth substances most thoroughly studied are the 
auxins. The presence of auxin and the effect which it produces 
were first demonstrated in experiments with phototropism (p. 
300). In the very young seedling of oats and other grains the 
shoot is surrounded by a sheath or coleoptile. This is ^•erv 
sensitive to light and will bend toward light coming from one 
side because the cells on its darker side elongate more rajiitlly 
than tho.se on the lighter one. If about a millim(*tor of the tip 
of the coleoptile is cut off, it will no longer bend toward the light, 
though when the tip is replaced on the stump its sensitivity to 
light is restored. This s\igg(!sts that a substaiux* responsible 
for this sensitivity passes from the tip into the region just below, 
where bending occurs. If the tip is cut olT and placed on a 
small block of agar jelly for a .short time and if this agar block 
*8 then placed on one side of the decapitated stump which is 
left in the dark, this stump will bend away from the side on 
which the block is placed (Fig. 149). Auxin, the substance 
produced in the tip and pa.ssing thence into the agar block and 
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then the coleoptile stump, stimulates cell elongation in the region 
it enters and thus produces the bending. The amount of bending 
is used as a measure of the concentration of auxin in the blocks, 
and the “oat coleoptile test” is one of the standard methods of 
determining the amount of this substance in a given material. 
In the normal seedling, light coming from one side evidently 
results in the presence of less auxin on that side and the sheath 
therefore bends toward the light. 

Auxin will pass through a long piece of coleoptile, but only 
in the direction from tip to base. If a piece is inverted and 
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Fio. 149,—Diagrams shoeing tho effect of the hormono (growth substance) 
produced in tho tip of the gra^ coleoptile. A, terminal region of oat coleoptile. 

tho tip beitig cut off. tho decapitated coleoptile. D, a block of hormone^ 
filled agar jelly placed on one side of the coleoptile stump. Into this block 
(which has boon cut from a larger piece) tho hormono has diffused out of a series 
of coleoptile tips which had boon placed upon it. bending of tho coleoptile 
stump due to the more rapid growth of tho region just below the agar block, as a 
result of the diffusion of the hormono from the block downward into the tissues. 
{Afitr F. TV. Went.) 


auxin placed on the now upper but physiologically basal end, 
no movement of growth substance takes place. This is a notable 
example of physiological polarity. 

Several types of auxin can be extracted from plants and 
chemical analysis shows them to be organic acids of the indole- 
acetic group. Other growth substances, as yet unidentified as 
to chemical composition, have also been found in plant tissues. 
Morphogenetic effects are not limited to substances which occur 
in plants, for many others, artificially synthesized in the labora¬ 
tory, are able to produce effects on development similar to 
those of the natural growth substances. Indole-butyric acid, 
naphthalene-acetic acid, and a considerable list of others are 
in this group. 
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Growth substances have many other properties than the 
stimulation of cell elongation which is the one shown in photo¬ 
tropic reactions. The particular effects produce<l are char¬ 
acteristic for each anti include many tleveloprnental prtjcesj^es. 
Some of the more impt)rtant will be briefly di.^cussed. 

Auxin is concerned with geotropic as well as with photo¬ 
tropic form changes. Shoots placed horizontally will tend to 
bend upward because auxin accumulates on their lower side 
under the influence of gravity and stinmlates elongatioji there. 
Most roots, however, tinder the same c<mditions turn downward. 
Auxin checks elongation in thc.se organs, so that the upper, 
relativclj' auxin-free, part grows faster. This dilTerence b<*tweeii 
root and stem in response to atixin is probably due to the fact 
that roots are stimulated ity very weak auxin concentrations, 
but inhibited by the stronger ones which stimulate the growth 
of stem cells. 

Meristematic activity, especially in the cambium, is clearly 
related to auxin. Thus in slioots of woody plants, cambium 
activity begins first near the opening buds and then moN’cs 
progresvsively downward toward the larger branches and the 
trunk, and the appearance of au.xin in the cambial tissues follows 
the same sequence. 

Hoot formation is also stimulated by auxin. The presence 
of a leaf or bud on a cutting increases the amount of roots it 
will form, and this has been shown to be due to the production 
of growth substances by these buds. Many synthetic sub¬ 
stances also markedly stimulate root formation (Fig. Ifit)). 
In certain plants if the basal ends of cuttings arc held in a solut ion 
of growth .substane^j for a few hours and then placed in .-^oil, 
roots will start to develop on them much more abundantly than 
in untreated cuttings (Fig. 151). This practice ha.s proven of 
value in the propagation of many kinds of plants. Indole-acetic 
and indole-butyric acids are often used for this purpose. I'he 
formation of shoots has been shown in a number of ))lants to be 
due to a deficiency of auxin lather than to any .shoot-forming 
substance. Thips by proper manipulation it is oven possible 
to produce shoots at the base of an axis and roots at its apex. 

The phenomena of dominance and inhibition are clearly 
related to the activity of growth substances. When a terminal 
bud or shoot is present, the buds below it often fail to develop, 
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but will do so if the tip is removed. If suitable growth substance 
is placed on the cut stump, however, the buds will not grow. 
E\idontly the tip is sccretitig an inhibiting substance which 
pas.scs downward from it and acts on the buds below, and this 



l i«.. I.jO. luiimto tn-atod on stojn with ti:ii>litl)aloiio-aeotic acid in lanolin. 
HooUs are Rro^sing out abundantly and leaves show ehuracteristic downwar<l 
curving, or cpinaMy, {Courtesy of Boyce Thompson Institute for Plant Research.) 


control can be imitated artiticially. It has e^'e^ been shown in 
one genus of plants (.Is/c?') that the difference between a much- 
branched species and an unbranched one is related to the com¬ 
paratively small amount of growth substance produced by the 
btids of the former in contrast to those of the latter. The 
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importancp of tliis sort of rontrol in determininK inherit^-*] 
differences in the bodily forms of plants is obvious. 

Tlie formation of abM-ission layers at the base of petiole an<l 
fruit stalks is also alYected by growth sub'-taiHc.^. If a leaf 
blade is cut off, the p<-tiole stumi) "dl >oon fall because of the 
formation of an al)s<-i.-K>ion layer; but if grow.th suli-ifanee i> 
placard on the cut -surface of the stump, abscission is d(>layed or 
prevented. More irniarkable still, if a suitable growth sulw 
stanee is applie<l by spray to blanches bearing leaves or fniits, 
these will often remain aftach<“d to the plant for a longtime 



F'lo. 151.—Cuitiri>f> of liolly. Lofe. oontrolfi troutiui ut bii>o with talcum 
l>ow<li*r only aiicK'^houiio^ no root's; ri*:ht. rut Imps ti<N4trc| with |H>\v<lor roiitainina 
jndole-butyric and naptlitlialono-acctic aridn. and rooting vi^^orously. {Courtc 9 u 
of Boyc^ I'fiompnon Imstitute for Plant Pt ttenreh.) 


instead of ilropping (jff, a.s they normally wouUI have dom*. 
I he premature fall of fruit may bo pre\-ented by this practice, 
and it has other u.seful ap|)licalions. 

The problem of \\hy it is that an ovary ordinarily retiuires 
to have its ovules fertilized beft>re it uill flevelop into a fruit 
IS also explain<*d as <Ju(^ to the action of growth substanc<*s 
produced by the growing seeds which are necessary to stimiilat<‘ 
fruit development. Naturally seedless fruits are rich in growth 
substance, usually auxin, a fact which may explain their ability 
to grow without the stimulus of seeds. More important, how¬ 
ever, is the fact that the artificial application of various growth 
substances, by spray or otherwise, to ovaries where fertilization 
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has not taken place will in many causes cause these to develop 
into partlu rwcarpic fruits, which are entirely seedless (Fig. 152). 
'Fhis techni<i\u' is alrea<ly finding important practical applications. 

Tlie ditTerentiation of floral structures is often related in some 
wa,\‘ to specific growth substances. In the cocklebur, for exam¬ 
ple, if one shoot of a plant is grown in a photoperiod which 
stimulates flower formation, the rest of the plant will also produce 



Klij, 152.—Left, normally pollinated tomato fruit; parthenocarpic fruit 

pKidueed by treatment with synthetic growth substance. The normal fruit 
iuis many seeds; the other is entirely seedless though a few unfertilised ovules 
can be seen. (Courtesy of Boyce Thompson Institute for Plant Research.) 

flowers, even tho^igh it would not do so by itself. When a 
flowering shoot is grafted on a nonflowering one, the latter will 
flower; and this will happen even if the cut surfaces of the two 
stems do not meet, but are merely in contact, with a piece of 
filter paper between them. This suggests that a growth sub¬ 
stance, produced where flowera are forming, can be transported 
and will stimulate flower formation in a distant part of the plant. 
Such “flower-forming’* substances have been termed fiorigens 
(compare Achlya, p. 615). 
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The application of pro\\*th substances often results in abnor¬ 
malities of various kiiuls. Stems or petioles ma\’ be bent 
because of local growtii stimulation. Sometimes the growing 
points are affected in sucli a way that leaves or flowei-s with 
forms markedly abnormal are produced, a fact which makes it 
possible to destro3' certain weeds by hormone sprays (Fig. 153). 
Patclie.s of root-forming tissue are often produced, ancl frc- 



Flo. — Control of wcodn by ^growth lUtfbt, ruRWcrd sprayed 

with a 2,4-dirhlorophcnux>^retic acid. »oriou.Hly malformed and checked in 
growth; left, untreated control. (.Courify 'of Boyc4i ItiJiiUuU for 

PlarU Research.) 

quently intumesccnscs and tumor-like malformations (Fig. 154), 
This role of auxin in pathological growth is important and in the 
tumors of crown gall or “plant cancer" (Fig. 283), produced on 
many plants by a parasitic bacterium, it is apparently the agent 
which stimulates the abnormal growth. Similar in action, 
probably, arc the various substances injected by insects into 
plant tissues. These are evidently important in determining 
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development, for tlie abnormal plant growths, or galls (Fig- 155), 
which result from the action of a particular species of insect 



lio. 154.—'ruiixii^liko structure 1>y io«i of growth substance on 

cut slctn of Clcomc. o/ lioyce Thompson InstiluU' /or Plant Itcscarch,) 






An insect gull. “Pouch"* gall produced on elm leaf by 
(Courfesy of Connecticut A^ricutiural Experiment Station.) 


are vciy definite and constant in structure and are entirely 
different from those due to another species. Galls of specific 
character are also produced by fungus attack (Fig. 156). 
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\’arious growth substances rouse plant tissues from donnancy 
and thus hasten gro\\'th. Important among these is ethylene, 
one of the constituents of illuminating gas. If one member of a 
pair of dormant ^\^nte^ buds of lilac, for example, is enclosed in a 
glass tube containing this substance, it will soon open and grow 
out into a new shoot, while its sister bud remains dormant. 


Seeds and tubers may thus be 
forced into rapid germination and 
growth, a fact often of much com¬ 
mercial value. A number of sub¬ 
stances (and certain physical 
stimuli such as low temperature) 
have been found to have this 
effect and prcsumablj' act to has¬ 
ten chemical changes involved in 
the process of ripening which are 
essential preliminaries to growth. 
Other substances serv’e to prolong 
dormancy and are thus of impor¬ 
tance in the storage of fruits and 
vegetables (Fig. 157). 

The activity of the vitamins, 
already discussed (p. 210), is con¬ 
cerned more with nutrition and 
grow’th in general than with spe¬ 
cific form changes, but the dif¬ 
ferential distribution of these 
substances in various parts of the 



Fio. 150.—GulU produced hy 
the nttnek of ii fuuRU.H {Oymtio$por~ 
Qnffium) oil red cc<lor. 


plant body doubtless has important morphogenetic effects. 

Discovery of the activities of growth substances, some of 
which have been briefly described, has opened a wide field for 


investigation and has led to a better understanding of many 
problems in plant development, since they provide a mechanism 
for morphogenetic control. They should not be regarded as 
specific organ-forming materials, however, for the effects w'hich 
they produce may be very different depending on conditions. 
A given substance may sometimes stimulate root formation 
but under other circumstances it may instead cause local cell 
expansion, cambial activity, fruit development, or bud inhibition. 
What it wdll do depends not so much on its o^vn specific char- 
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actor as on the specific way in which a part of the plant reacts 
to it. W’hat makes this patterned tlifTerence in reactivity is the 
basic i^rohiem in morphogenesis, and a knowledge of growth sub¬ 
stances is only one step, though a very important one, toward its 
solut ion. 



Fi<;, 157. —C'heinicul treatinont to prol^tig ciortiiiiricy. Potatoes nt riKht have 
sproutod in storugo. Those at loft, treated with nnptiihalcnc-acotic acid» have 
roitiainod nmny weeks longer without sprouting, (^Courtesy of Dcparimeixi of 
PUint Pathology, University of Wisconsin.) 


Genetic Factors (see Chapter XII).—The genetic constitution 
of a plant is obviously of great importance in controlling its 
dc\’elopment, but the chemical and physical means by which this 
control is brought about are so difficult to determine that but 
little progress has yet been made toward an understanding of 
them. An analysis of some of the developmental differences 
brought about by genetic changes, however, may provide the 
basis for a more complete analysis. 

Changes in the number of chromosomes (p. 395) are among 
the simplest of these differences and often produce important 
effects. Tctraploid plants usually have larger cells than diploid 
ones and the plant and its organs are often larger. Its leaves 
and fiiiit are relatively wider in proportion to length than are 
those of diploids so that increase in chromosome number in 
some way causes change in form as well as size. 
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Internal differentiation is sometimes related to polyploidy. 
Chromosome number can he determined only in dividing cells 
and these usually occur only at meristems. The cells of certain 
tissues, however, which have ceased to di\ide and have now 
become differentiated, may be induced to divi<le again bv growth 
substances or other means. In such cases the chromosome 
number is often found to be twice or even four times as great 
as in the cells of the meristem, showing that multiplication of 
chromosomes, even though this was not visible, has taken 
place during differentiation. 



Fig. 168.—Sectorial chimeras. Two apples in which there arc narrow acetora 
of tii»auo difToront from the real of the fruit. {From G. It. Zundei.) 


The form and structure of plants has repeatedly been shown 
to be controlled by genes (p. 3GG), and one of the major problems 
of genetics is concerned with the means by which these units 
of inheritance govern developmental processes. In the case of 
inherited shape differences it is evidently the relative growth of 
the various dimensions which is controlled. A major form 
difference may sometimes be produced by a single gene differ¬ 
ence, as in the case of disk and sphere fruit shape (p. 38G), while 
in others there are many genes concerned and form seems to 
be the result of a balance between them. Differences in internal 
structure arc also clearly inherited, though these are less obvious. 
Relative cell size and shape, plane of cell division, character of 
the cell wall, and other differences are in some manner controlled 
by the gene mechanism. 
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Ono method of analyzing genetic effects is by a study of 
structures wliich are mixtures of two genetically different tissues. 
Such plants arc known as chimeras. Sometimes a mutation or 
(“hromosome change may occur in a cell at the meristem and 
give rise to a sector of tissue different from the rest (Figs. 158 
and 159). In other cases a bud arising at a graft union between 
two types or by colchicine treatment may have its outer one or 
two layei-s derived from one type and its inner portions from the 
other (Fig. IGO). Thus it is possible to produce chimeras of 



l-'iii. l.'iO.—Sectorial chinicras in young roots of Vicui faba. Black and stippled 
. i-lls aio those of the longitudinal rows in which mitoses were observed and the 
< liKMiiosoinc coinploinont could Ik* determined. Colls in block ore those showing 
n s|KM*ific chromo>«oino altoration, produroci by X rays in tho coll aucostral to all 
nf thorn. Stippled colls showed normal chromosome complement. In root at 
left, a sector of about u fourth of tho whole is thus different from tho rest. In 
root at right, tho sector is a narrow ono extending across tho whole root. {From 
R. T, Brumfield.) 


which the outer layers are tomato tissue and the inner ones 
nightshade tissue and vice versa. Since these two plants differ 
in cell, loaf, and fiuit characters, an opportunity is here provided 
to analyze tho part which each portion of the meristematic 
region plays in the control of development and to compare the 
effects of different genetic constitutions which here are intimately 
associated. No genetic mixture takes place and the two layera 
maintain their specific characters. The layer of cells immedi¬ 
ately below the surface laj’^er produces the tissue from which 
gametes are formed, so that in its genetic behavior a chimera of 
tliis sort exactly resembles the one of its two components from 
which the subepidermal layer has been derived. The study of 
chimeras evidently offers a useful method of attack on a number 
of important botanical problems. 
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Organization.—The most important fact whicli emerges from 
a study of de^'elopment is that an organism tends to form an 
entire whole individual with a specific pattern and stnioture. 
Tlie fate of any given part depends upon its position in this 
whole. If such a part i.s sej)aratcd from the rest it will tend to 
form another complete whole. In some wa\’th(‘re is implanted in 
liN'ing material a ternlency to organize itself into a single unit, 
well called an organis/u, in which all jiarfs are .subor<liiuit<? to a 
specifically patterne<i whole. Organization in a plant i.< much 



Fig. UK).—Chiineraa in I^aiura, the Jimson weed, coinpoM*d of cell layers 
genetically difTorent (pericltnnl c/iimcroj). ' Treattneni with colchicine .some* 
timoH ro8ulta in certain layers nt the nieristem (and thus through the plant) 
becoming Wtraploid with the double (4n) chromosome nuinl>er, or even ooloploifi 
(8n), os compared wnth the normal diploid (2n) cellii. Cell siso is roughly pre^ 
l>ortional to chromosome nutnber. Upper left, section through normal inerisioin. 
all cells 2n; upper right, chimera with outer layer 8n, the others, 2n; lower left, 
clumera with outer layer 4n; icwer right chimera with outer layer 2n, second 
layer 4n, and the rest 2n. (From Jotina, Jilokcslee, and Atcry,) 

looser than in most animals, but it is present and seems to be a 
general characteristic of protoplasm, at least in all forms of life 
above the very simplest ones. Its most conspicuous expre-ssion 
is in specific structural forms, but it is also evident in physiological 
activities. Sometimes this organizing control breaks down and 
abnormal or formless grow’th of all sorts may occur. What 
this control is and how' it is exercised are important problems, for 
biological organization is the basis of individuality and perhaps 
the most distinguishing characteristic of life itself. 
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QUESTIONS FOR THOUGHT AND DISCUSSION 

460. Wliat iiioij;anic bodie.s possess constant ami specific shapes? 

461. Wliat would happen if a tissue continued to grow, but all 
morphogenetic control were removed? Do you know any instance of 
this among cither animals or ])lants? 

462. In what respects is an animal a much more definite and highly 
oiganized indiindunl than a plant? 

463. What a<lvantages do you think plants have over animals us 
material for morphogenetic investigation? 

464. What various growth differern'es can you mention which 
.account for the differences in boilily shape of trees belonging to different 
species? 

466. What important correlative mechanisms are present in animals 
which are lacking in plants? 

466. What explaiiation have you for the rather close correlation in 
size which e.xists between the niot system and the shoot system? 

467. When various growing points are active, what do you think it is 
that determines how much food will flow to each? 

468. If the petiole of a leaf, still attached to the plant, is chilled for a 
time without killing it, the axillary bud will often begin to develop. 
ICxplain. 

469. In certain fruit teres w’hich normally fail to develop good seed, 
it has been found that if the young embryo is removed when partly 
grown, it will reach maturity. lOxpIain these facts. 

460. A young fruit is 3 cm. long and 2 cm. w’ide. As it grows, length 
increases to 7 cm. and width to 10. Plot the logarithms of length 
against width for these two points (or plot the values on double loga¬ 
rithmic paper) and draw the line connecting them. Determine the 
logarithmic increases in length and in width, and the ratio of the former 
to the latter. This is the constant k which measures the relative growth 
of length to width. 

461. All the cells in a plant body are presumably identical as far 
as their chromosomes and genetic factors are concerned. What explana¬ 
tion, then, can you give as to why cells and organs become differenliatedf 

462. Name as many differences as you can which distinguish roots 
from shoots. 
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463. In the English what sort of plants (with lobed leaves or 
with ovate leaves) do you think you will get by planting tlie seed? 

464. What explanations can you suggest for the difference between 
juvenile foliage (that of the young plant) and the mature foliage? 

466. Of what a<Ivantage may the posse.^sion of polarity be to a plant? 

466. Why is it, do you think, that a.s a cell increa.ses in size it often 
becomes elongate rather than spherical? 

467. If a horizontal cut is ma.le in the side of a stem and structures 
are induced to regenerate from the tissues just above and just below 
this cut, what sort of structures woultl you [>redict that they would be? 

468. How might the polar movement of auxin be explained? 

469. Capacity for regeneratif>n i.s much more widespread among 
plants than among animals. Kxjilahi. 

470. hy .should not regeneration be pos.sible in everj- organ and 
tissue of the jilant? 

471. Experiment shows that every cell in the plant hotly (at least 
in its young condition) jirobably has tlie power, if isolated from other 
cells, of growth and regeneration into an entire plant. What suggestion 
can you offer as to why a cell does not <lo this in ortlinary development, 
instead of remaining a constituent unit of a .single individual? 

472. What various horticultural practices depentl upon the capacity 
of plants for regeneration? 

473. Why do you think it i.s that cases of teratological development are 
relatively rare? 

474. There are a few teratological characters in plants which are 
economically useful. Give an example. 

476. What advantage have “amphibious” plants over others? 

476. If a small fraction of its root system will conduct water enough 

to supply the plant, what is the advantage of having such a large root 
system? 

477. In leaves which are less than normal size on account of lack of 
water, there arc often more stomata per unit of area than in larger 
leaves. Explain. 

478. How would you determine whether a given dorsiventral struc¬ 
ture, like a flattened horizontal stem or a bilabiate flower, is the direct 
result of gravity or is inherited? 
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479. Most growing regions of plants are so enclosed by other tissues 
that little or no light can reach them. How is it, then, that light can 
affect the type of growth produced? 

480. Where, in nature, is plant tissue exposed to light other than 
white? 

481. How do you explain the fact that, in the same region, some plantvS 
flower in Juno but others not till September? 

482. In what part of the earth are long-day plants particularly well 
adapted to their environment? 

483. How wouhl you determine whether a given dorsiventral struc¬ 
ture is due to light or t«) gravity? 

484. Of what advantage is it to trees that swaying tends to stimulate 
stein giowth? 

486. Why is it important to retain a constant ratio of surface to 
vohimc in many plant structures? 

486. \ large tree luis a relatively wider trunk than a small one. 
l-Aplain. 

487. What limits do you think there will be to the usefulness of 
vernalization in Improving crop plants? 

488. If differentiation is influenced by bioelectric currents flowing 
through the organism, what method of attack on morphogenetic prob¬ 
lems does this suggest? 

489. In growing such plants ns tomatoes to produce an abundance of 
fruit, what soil conditions, particularly as to water and nitrate salts, 
would you prefer? Explain. 

490. Why docs pruning away a part of its roots sometimes cause a 
tree to bear more flowers and fruits? 

491. Why do many plants flower earlier if grown in pots than in the 
open soil? 

492. Which do you think will bear fruit first, a young seedling apple 
tree or a t^^^g from the same tree which has been grafted into a large 
tree? Explain. 

493. Of what advantage to plants are wound hormones? 

494. What would you predict as to the distribution of auxin in the 
buds of an elm tree, which is much branched, as compared to that in a 
spruce tree, which has a strong terminal leader? 
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495. Of what advantage is it to the plant to have it.s buds dormant 
in the fall and tvinter? 

496. Cite an instance of the practical value of being able to overcome, 
or “break,” dormancy in plant tissues. 

497. Some plants have stems with no geotropii* reaction and whidi 
therefore simply clamber over the surface of the grrmnd. llou \\<>ul<l 
you explain this in terms of auxin tlistribution? 

498. In \'icw of the relation between auxin ami leaf abscission, what 
explanation can you give for the fall of decifhious lea\es in the autumn? 

499. In fruit trees if there are more fruit set than can come to matu¬ 
rity, njany will drop off in the e.arly stage.s of growth. How can you 
explain this in terms of growth substances? 

600. Suggest a practical application of tlie fact that growth sul>- 
8tancc.s may prevent the formation of abscission layers in leaves and 
fruits. 

601. What practical advantages arc there in being able to produce 
parthenocarpic fruit.s? 

602. How' might you account, on the b.asis of hormone action, for the 
marked difference in cell size between the variou.s ti.ssues of an organ? 

603. W’liat possible meau.s can you suggest through which a genetit* 
factor may control the development of a particular organic .shape, as 
of a leaf or fruit? 

604. How does a chimera involving two types of plants rliffer from a 
hybrid between them, as to the offspring which it will prorluce? 

606. In what ways may pla.smode.smuta be important in plant 
morphogenesis? 



CHAPTER X 


THE PLANT AND ITS ENVIRONMENT 

In tho previous cliapt(>r tliorc were discussetl various factors 
whicli control the (le^•elopmcnt anti structure of a plant. Some 
t)f these are internal and constitute tho specific inherited con¬ 
stitution of the plant itself. Others are external and form part 
of the environment in which the plant lives. The relations 
t)ef wcen a plant and its en^•ironment are much more complex 
than these morclj’ formative ones, however. A study of all 
such relations constitutes the subject matter of the science of 
plant ecology, some of the problems of which will be discussed 
briefly in this chapter. 

It is evident that even for the same plant, growing in the 
same spot, the conditions of light, temperature, moisture, and 
various soil factors may change radically, lietween two plants 
in different places, environmental differences may be even more 
pronounced. These various external factors vitally affect the 
way in which the plant functions, and it is therefore evident that 
if a plant is to thrive and maintain itself, it must be able to 
modify its form and activities to meet this ever-changing environ¬ 
ment successfully. One of the most remarkable facts of biolog>* 
is that organisms do possess, in greater or less degree, this char¬ 
acteristic of advantageous regulation of structure and function 
in conformity to the changing external world. As to what are 
the causes of these regulations there is much difference of opinion 
and no certain knowledge. In describing plant activities, most of 
which contribute so obviously to the welfare of the individual, 
one continually finds himself using terms which imply purpose 
or effort. It is very difficult to describe the facts of form and 
function in simple language wthoiit tacitly assuming that there 
is within the plant something which directs and regulates its 
life so that it \vi\\ tend to do whatever is to its own best advantage. 
Such an assumption is, of course, quite contrary to a strictly 
scientific attitude toward liv'ing things, which demands for every 
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obser\’’ed change a definite physical cause and not a psycho¬ 
logical one; and it introduces a <leeper problem which is clearly 
the province of the philosopher rather than of the botanist. 
The latter should content himself with recording carefully all 
changes induced in the jilant by a changing en^•ironment and 
with analyzing as carefully as possible the factors which seem 
to be responsible for thes<? changes. 

Stimulus and Response.—In such a study it is important to 
remember that the en\'ironmental forces do not act on the plant 
as they would on a lifeless body—on a stone or a drop of water, 
for instance—merely raising its temperature, illuminating its 
surface, pulling it down by gravity, or alTecting it in other direct 
ways; but, instead, that each of these forces acts as a stimulus 
which brings forth on the part of the ))lant a tlefinitc response. 
This may be either a change of function or a change of structure. 
To the same stimulus the response of one plant may be very 
different from that of another, and tho.se of different parts of 
the same plant also may differ greatly. The stimulus is merely 
a trigger which releases a response, an<l the latter is often of 
much greater intensity than the stimulus which product's it. 
Just what a given respon.se will be depends entirely upon the 
constitution of the living substance of the plant itself. This 
(characteristic trait of protoplasm whereby it is continuallj' 
reacting or responding to stimuli is known as irritability and is a 
distinctive quality of all living things. In animals, protoplasmic 
irritability is extraordinarily developed in ners'ous tissue, which 
receives the stimuli and controls the responses of the organism 
and has its highest exprcs.sion in a specialized central organ, 
the brain. In plants, however, no ner\’ous system has been 
differentiated, and although some regions are much more sen¬ 
sitive than others and evidently may transmit the effects of a 
stimulus for a considerable distance, it is the protoplasm of the 
ordinary cells which is chiefly concerned in the many responses 
made by the plant. 

Reactions in which protoplasmic irritability can be studied 
directly are apparent in the various movements which plants 
make as a result of environmental influences. Most of these 
are movements in a definite direction which is determined by 
the direction of the stimulus. Such movements are termed 
tropiems. Tropisms are responses to changes in the environ- 
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nient, and should bo distinguished from certain other move¬ 
ments, such as circumnutation (p. 248), which are internally 
directed. The latter are sometimes called autonomic movements 
to distinguish them from paratonic ones, which are due to external 
causes. Although some plants (like the .sensitive plant. Mimosa) 
are able to change the position of their parts by a modification 
of the turgidity of certain cells, plant movements are usually 
growth changes, and it is therefore the young aiul growing regions 


which are most sensitive to external stimuli and are able to 
respond to them. 

In anv discussion of the (dTect of the en^•il•onment one shouUl 
% 

not only consid(>r the reaction of the individual plant, but should 
also look at the problem from the historical viewpoint and study 
those inherited characteristics which enable it to thrive in a 
j)articular en\ironm(*nt and which have become implanted in 
the sp(‘cies (hiring the course of its evcilution. Adjustments of 
this kind, either of structure or of function, are usually spoken 
of as a(tapfations. The natural adaptations of cacti for desert 
life and of orchids for insect fertilization may be cited as examples. 
Ituh'ed, most evolutionary clianges may be looked upon as caused 
either directly or indirectly by the environment. 

.Vttention has been called to the complexity of the environment 
in which the plant grows. The first step in an analysis of the 
relations between this environment and the jilant is to isolate the 
separate environmental factors and to study the specific effect 
of each. C)f the wide range of such factors a few are particularly 
important and deserve consideration here, notably temperature, 
light, gravity, moisture, and various chemical substances, which 
(!onstitiite the inorganic environment; and the surrounding plants 
and animals, the organic environment. Inorganic factors which 
are effective through the medium of the atmosphere are termed 
climatic; those which act through the soil, cdaphic. 

In most cases the reaction of a plant to a given factor depends 
upon the intensitj'^ or amount of that factor in the environment. 
Thus photosynthesis \\ill go on very slowly at low light intensities, 
faster at higher ones and then slower in very bright light, until 
the process ceases. The lowest intensity of a given factor at 
which a process ^^dll go on is called the minimum intensity for 
that process; the intensity at which the process is most rapid, its 
optimum; and the highest intensity at which it will go on, its 
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maximum (Fig. 161). A determination of these points is often 
useful for our knowledge of plant reactions, but one should 
understand that for one factor afteoting a process these may vary 
considerably depending on some other factor which al.<:o afl'ects 
it. Thus tlic rate of photosynt hesis is related to the intensity «>f 
light, being low in weak and very .strong light and most raj)id in 
an intermediate* int(*nsity. Hut tin* amount of carbon dioxide 



I-IG. 1(>1 .—Growth in len(ct)i of inaizi* MliootH r»e-*r hour, when PX|>oiifc] for twelvo 
hourH to a constant toinpcraturc. The rniiiiiniim tcinpcrattire for Kfowtli waa in 
thi« ca*o found to tw i2®. tl«o opliinuin .12*. and ttjc nmxirnuin -tS®. {After 
Lef^tiba uer.) 

present may also uflfcct the rate of photosynth(*.sis. If only a 
very little of this gas is available, j)hotosynthesi8 will go on very 
slowly, even if there is an otherwise “optimum” intensity of 
light. Carbon dioxide is here a limiting factor in the process. 
At low light intensities, but with an abundance of carbon dioxide, 
on the other hand, light becomck the limiting factor. This 
principle of limiting factors is important in physiology and 
ecology because most activities of a plant are alTected by more 
than one environmental factor and the activity cannot reach its 
maximum if any of these factors are below a certain level. 
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■Temperature.—It is charactoristic of all vital processes that 
their maintenance is possible only within a comparati\ ely narrow 
ran^e of temperature, and tein])erature changes therefore produce ' 
marked responses in the activity of protoplasm. In general, 
afti\’e life is possible for the higher plants between 0 and 50°C., 
although these limits vary much from one species to another. 
'I'he various physitjlogical processes whicli go on withiii a plant, 
such as photosj'nthesis, respiration, and growth, often respond 
ditTerentl}' to temperature, so that the optimum temperature 
for each, if no other factors are limiting, ma}’ be quite different. 

'I'he temperature coefficient of a process, designated by the 
symbol Qm, is often sigiuticant. It is tl\e increase in rate of the 
I)rocess with each increase of 10®C\ in temperature. Most 
chemical reactions doubhi their rate, or more, with a 10® increase, 
tlius having a temperature coefficient of 2 or higher. Purely 
physical processes, on the contrary, have a much lower coeffi¬ 
cient. It is thus sometimes possible to determine whether a 
given physiological process is primarily chemi<'al or physical 
in character by determining its temperatvirc coefficient. 

Members of the vegetable kingdom lack the high and delicately 
maintained body temperature which is characteristic of the 
higher animals, and the temperature of most plants follows 
rather closely that of their environment, absorbing heat or losing 
it as the environment becomes warmer or colder. The body 
temperature of the plant may#sometimes fall a little below that 
of its immediate environment, owing to excessive radiation or 
evaporation; or it may sometimes rise noticeably above it, owing 
to the release of heat during respiration, especially in regions 
where growth is active. The latter phenomenon is particularly 
conspicuous in the case of intense bacterial action, for the amount 
of heat liberated by the vigorous respiration of these lowly plants 
is often sufficient to raise the surrounding temperature markedly. 

The problem of the temperature relations of plants is further 
complicated by the fact that by proper treatment a plant may 
often become accommodated, or “hardened,” to temperatures 
higher or lower than the usual limits for the species. The resist¬ 
ance of plant tissues to heat and cold is dependent to some 
degree on maturity, for young and growing tissues are much 
more susceptible to injury therefrom than older ones. In general, 
within any particular species, the ability to wthstand high and 
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low temperatures is correlated with the amount of wat«r in the 
cells and particularly in the protoplasm itself. Where water is 
abundant, resistance tends to be low; where it is scarcer, resist¬ 
ance is higher. The fatal effect of freezing temperatures on plant 
tissues is probably due to the removal of water from their cells 
rather than to direct injury of the protoplasm by cold. 

There are well-marked inherited ditferenccs in the temperature 
relations of plants. The optimum for an alpine plant must 
obviously be far lower than for a native of the tropics. Certain 
algae have their normal habitat in the water of thermal spniigs, 
and others in the frigid arctic seas. Melons have a much higher 
optimum than pejis, and some varieties of apple, peach, and 
plum are distinctly “hardier” than other varieties. 

The temperature of the soil is often of as much importance to 
the plant as that of the air, for the rate of absorption of water 
and salts depends in no .small degree upon this factor. ller<*, 
too, inherited dilTerenccs are very marked; for although most 
plants will not thrive unless the soil is relatively warm, certain 
arctic ami alpine specie.s are able to carry on absolution at tem¬ 
peratures almost down to the freezing point. 

Light.—The essential part which light plays in the life of 
green plants through its influence upon the process of photo¬ 
synthesis has already been empha.sized. From light rather than 
from heat, electricity, or other sources the plant derives the 
kinetic energy which it stores up in potential form in its food; 
and in this important capacity of an energy provider light is 
therefore cs.sential to all plants. This influence is evidently an 
indirect one, however, particularly in the case of nongreen 
plants, for most of these thrive in the absence of light us long as 
their food supply holds out. The important influence of light 
in determining plant structure has been discusse<l in the previous 
chapter. 

Apart from these roles, light is responsible for many of the 
growth movements or tropisms of plants. Not all plants and 
not all parts of plants respond in the same way to this stimulus. 
As a general rule the stem will turn toward the source of light, 
the root away from it, and the leaf, by the twisting of its petiole, 
will assume a position in which the broad surface of the blade is 
at right angles to the light rays (Fig. 162). Any movement 
which is a specific reaction to the stimulus of light is known 
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ns a phototropisni. A normal stem is therefore said to be posi- 
tirely pholoiropic, a root negatively pholotropic, and a leaf trans- 
rrrffcly phototropic, or diaphototropic. Although the results of 
phototropism are usually much more noticeable where a plant 
receives its illumination from one side only, it plays an important 
part in the orientation of ])lant structures generally. The 
advantageous character of the ordinai*y phototropic responses 
is obvious. 



Fiq. 102.— Phototropism. A inusturd ^oedliiig BrowTup with ita root in water. 
This plant was at first illuminated rrom all sides, but later from only one (shown 
by direction of arrows). Note that the stem has bent toward the light and the 
root away from it. and that the leaves have taken up a position at right angles to 
the light. 

The important part which growth substances or hormones play 
in phototropism has already been discussed. It seems probable 
that much of the influence of light on growth movements is due to 
its effect upon the distribution of these substances. If they are 
more abundant on one side of an axis than on the other, growth 
will be more rapid there, and the whole structure ^vill curve or 
bend. 

The so-called “sleep movements” of certain leaves, as in the 
clover, where the leaflets fold together at night or on dark days, 
are probably due to light. No growth takes place here, however, 
the movements being caused by changes in the turgidity of 
the cells at the joint between leaflet and petiole. 
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Toward light, as toward temperature, plants display certain 
inherited adaptations. Some green plants are able to thrive in 
light of comparatively low intensity and are said to be toleranf 
(Fig. 163), in the sense that they will tolerate a con.sjderable 
degree of shade. Others will grow normallv onlv where tlu- 
illumination is good and are said to be intolerant (of shade) 
Some are sensitive to intense light and thus eannet liv(> in the 



Fro. - Plants tolerant of ahado. Tlioc l>roa<l-leuvc<l plant.s f>f Vihurnutn 

aro ubii* to thrive on the forest floor» wlitre the l^>%ver }>nin<*ho.H of the tree?< 

)juve died from luck of 


open, whereas oth(;rs, eitlu-r through tlie greater resisting power 
of their jjrotoplasin or thr(jugh \aiious structural modiheutions, 
are able to thrive in the most l)nlliant sunlight. Sun plants in 
general have a thicker puli.sadc layer in the leaf, a thicker epi¬ 
dermis, and a greater preponderance of stomata on the lower 
leaf surface than is the ease in shade plants; and these traits dis¬ 
tinguish not only difTercnt species but also plants of the same 
species, or leaves on the same plant, if grown under conditions 
of relatively high or relatively low illumination (Fig. 146). 
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Gravity.—Gravity in its elTect upon plants is unlike tem¬ 
perature and light- in that it is both continuous in action and 
constant in strength. It is a very important factor in determin¬ 
ing the direction of growth in plant parts, and, like light, it affects 
different organs in different ways. Any reaction to the stimulus 
of gravity is known as a gcotropism (Fig. 164). Stems ordinarily 
tend to grow in a direction opposite to the force of gravity and 
are thus negatively geotropic. Primary roots and certain other 
jjortions of the root system, on the contrary, tend to grow directly 
toward the center of the earth and are thus positively geotropic. 
Most leaves tend to take up their position at right angles to the 



Fig. 1G4.—Gcutropism. Four kornols of corn that havo gorminatod in 
difTcrent po^sitioiis. Tho young root in every case has grown downward and the 
young tthoot upward. 

force of gravity, and many lateral roots also grow in an approxi¬ 
mately horizontal direction. Such organs are said to be <rans- 
versely geotropic, or diageotropic. The advantage of these 
specific tropisms to the plant is obvious. 

Plants differ considerably in their inherited adaptations to 
the influence of gravity. Stems of prostrate plants have lost 
their negative geotropism and may even develop into rootstocks 
or tubers which react toward gravity like roots. The responses 
of flowers and fruits to this stimulus also arc very diverse and 
for the most part seem to be advantageous to the plant. 

The mechanism of stimulus and response has been studied 
more carefully in the case of geotropism than it has in that of 
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other environmental factors. If ver 3 ' young seedlings in whicli 
the root and stem are just appearing are fixed in an^* position 
whatever, the j'oung root will in\'arial>l 3 ' grow downward, and 
the young stem upward. The English horticulturalist, Knight, 
more than a centurj’ ago, suggested that this behavior was 
due to gravity. He reasoned that if this were so, it should be 
possible to substitute a stronger force for gravity' and thus to 
change the direction of growth. Knight fastened young plants 
in various positions to the rim of a wheel, which lie revolved 
rapidly in a horizontal plane, thus subjecting the plants to a 
“centrifugal force" greater than gravity. Under thest^ condi¬ 
tions the roots grew outwanl, in the direction of the centrifugal 
pull, and the stems grew inward, toward the hub, in an exactly 
opposite direction. Knight thus proved that plant structures 
orient themselves to this force in just the same waj- that they 
do to gravity. 

The force of gravity ma 3 ' also be practically eliminated, 
without such a substitution of another and more powerful 
force, if the disk to which the seedlings are attached is revolved 
in a vertical plane by clockwork, thus exposing all sides of the 
seedlings successively to the stimulus. Under these conditions, 
the root and the stem continue to grow in the direction in which 
they happened to start with no reference at all to gravitation. 
The pull of gravity, or any other force which may be substituted 
for it, must therefore be able in some way to stimulate the growing 
regions of root and stem so that growth occurs in certain tlefinite 
directions. 

It has been proved that the verj' tip of the root, for a distance 
of approximately 1 or 2 mm. in length, is the only portion 
which is sensitive to the stimulus. If this region is pointing 
downward, no bending of the root will take place, regardless 
of the position of the rest of the organ. If this region is hori¬ 
zontal, however, the root will bend downward until the sensitive 
tip itself points downward again. The actual bending never 
takes place in the tip, however, but always in the growth zone 
some distance behind it. Differential distribution of auxin 
under the influence of gravity is apparently the mechanism 
concerned in all geotropisms (p. 279). 

Mechanical Stimuli.—Certain plant organs respond to the 
stimulation of contact wth solid bodies. This thigmolropi»m is 
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shown best by the tendrils of various climbing plants, which 
grow toward any object which they may touch and ultimately 
curve around it, in this way holding the plant body to a support. 
In most cases the tendril s\ibsequently coils tightly, thus pulling 
the plant closer to the object on which it is climbing. Most 
root tips, on the other hand, teml to grow away from a solid 



Soiicsitivity uf Icnf in Mimosa, A, linif in normal position. If, 
IcMif nftor jaiTiiitf or other inoclianicn) stimulus. The leaflot.^ have folded together 
and the petiole hii« <lroppod downward. 


objet^t, a tropism which is useful in causing them to avoid impas¬ 
sable obstmetions in the soil. 

The most remarkable case of rapid response to stimulation is 
that of the familiar “sensitive plant” (Mimosa pudica, Fig. 165). 
If heat or some mechanical shock is applied at the tip of one of 
the primary leaflets the secondary leaflets will fold together, 
pair by pair, progressively dowTi the rachis of the leaflet to its 
base and then out along the other leaflets; and after a few seconds 
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the entire leaf uill drop downward suddenly at the jjoint ^\here 
the petiole is attached to the stem. Very evidently a stimulus 
is passing down through the tissues of the leaf "and causing 
changes in the turgidity of the cells, with the consequent altera¬ 
tion of position. The leaf will slowly recover and unfold again 
after a few minutes, if it is kept quiet. It was at first thought 
that the stimulus passes along continuous protopl.asmie connec¬ 
tions, mucli as it does along a ncr\'e in animals, but recent 
evidence seems to indicate that a hormone or similar s\ibstance 
moves rapidly do\\niward and produces the changes. This 
apparently passes along the vascular Inindle.s. The commonly 
used anaesthetics which are effective with animals produce a 
complete though temporal^' lo.ss of sensitivity in Mimosa. This 
species evidently provides excellent material for a study of 
protoplasmic irritabilitJ^ 


Water. Of vital importance to every plant is the main¬ 
tenance within it of a sufficient supply of water, and attention 
has alreiwly been called to the preponderant role which this 
substance plays in plant activities. It comprises over 00 per cent 
of ino.st living plant tissues; practically all of the physiological 
processes of the plant are carried on in solution within it; the 
transportation of sub.sfanccs from place to place through the 
plant body is accomplished by their diffusion (in solution) from 
one cell to another; water is one of the two essential raw materials 
in photosynthesis; and tlie normal form and proper functioning of 
the softer plant tissues are maintained by keeping their cells 
completely filled and turgid with water. It is therefore to be 
expected that the eharacteri.stic stinctures and activities of 
plants should be concerned with obtaining anrl eon.serving an 
ample supply of this valuable liquid. 

Definite movements and changes of po.sition with reference 
to moisture arc shown chiefly by roots. The root tip is sensitive 
to variations in the water content of the soil and will turn from a 
region of low content to one of higher. Such a response is 
known as a hydrotropism and results in the pumuit of moisture 
by roots for consideralile distances, notably wlien the surface 
layers of the soil are drying out and the water table is descending. 

The amount of moisture in the air, through its influence on 
the rate of transpiration, is also of much importance as an 
environmental factor. It is not the actual humidity of the air 
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hilt rather its ex'ciporating pou'cr which is of significance to the 
plant. This is determined chiefly by the relative humiditj' of 
the air (the amount of water vapor it contains compared with the 
total amount it is capable of holding, at a given temperature), 
the rate of movement of the air, the temperature, and the light 
int('nsit\’. 



I'Hi. of xoiophytie pluiits in wliirh the have boon very 

nnirh ro(biood in Mze until they are little more than scales. A, nrbnrvitao. B, 
tamarisk. C] rod c*c<lar. [From U'lvircr.) 



Fig. 107.—Tlio stoma of a xcrophytic plant (C|/cd«). The stonm is protected 
by being sunken in a pit formed by the overarching growth of two adjacent 
opidcnnal ceils. 

Xerophytes .—Inherited adaptations to abundance or dearth 
of water show the pronounced effects of moisture as an environ¬ 
mental factor. Many plants have become so modified during 
the course of evolution that they are able to thrive under condi¬ 
tions where the available soil water is comparatively small in 
amount and where plants without special adaptive modifications 
would speedily perish. Such drought-loving plants are known 
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as xerophyles and are characterized by several types of structural 
and functional modifications which result in a notable ability 
both to draw water from the soil and to retain it in the plant 



l-UJ. Serlion acroa;» ll>e hlaUc of a xvrophytie loaf {Emtxirum), Tho 

blado IS rolled back so that the niarKiits almost meet, thus preventing excessive 
transpiration from the stomata, which are on the lower (inner) surface. A felt 

of woolly hairs is also developed at the leaf margins which further hinders the los.-. 
of water. 


tissues. The root system is very well developed in proportion 
to the shoot. The osmotic concentration of the cell sap is 
usually higher than among plants growing under less arid environ¬ 
ments, The leaf surface is reduced, .sometimes verv rtidicall\’ 


so that scale- or necdle-liko 
leaves are prtjduccd, as in co¬ 
niferous trees (Fig. 166); ami 
leaves may even disap])ear 
entirely. The cuticle of stem 
and leaf becomes extraordi¬ 
narily thick. Stomata arc 
relatively few and are usually 
sunken in pits (Fig. 167), 
covered with a mass of hairs, 
or otherwise protected (Fig. 
168). In certain eases, nota¬ 
bly among arctic an<l alpine 
xerophytes, the leaves and 
stems are covered with a felt¬ 
ing of hairs. In otters, par- 



iio. 109.—Olio type of xerophyto. 
Tho atoiiccrop {Sedum), Hhowiiig its 
very thick and fleshy loaves. 


ticularly the xerophytes of saline soils, the vegetative organs 
become fleshy and succulent (Fig. 169). Internally, most 
xerophytes have a strong development of woody tissue. 

Plants capable of growing in salt marshes, “alkali” soils, or 
other environments in which the soil water, although abundant, 
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contains such a large amount of dissolved salts th^t the absorp¬ 
tion of it is more difTicult than under ordinary conditions are 
known as Jialophi/U.-i. This dearth of available water in their 
('in ironmi'iit. althougli <lui* to physiological rtither than physical 
causes, ha^ resulKMl in structural mo<liHcations similar in many 
wa>s to th<»se «)f typical \(‘n)phytes. 



Ful. 170. Hs tlrophs to>. Tlie typo with l)ioncl. Houting Icavc:^ (water lily) 
aiiil that with ^uiall. deUiiite loaves, mostly suhinersed (water milfoil), arc both 
shown. 


Hydrophytes .—At quite the opposite extreme from xerophytes 
are those plants which are adapted to live nearly or quite sub¬ 
mersed in water. These hydrophytes (Fig. 170) have root 
systems which are much reduced or may even be entirely absent. 
The leaves, if submereed, are usually finely cut and dissected and 
arc very thin. Stomata are absent. The stems have become 
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voiy 8oft and weak and possess an exceedingly small amount of 
woody tissue. In certain types, notably those in which the 
leaves (or some of them) are c.\posc-d to the air, the tissues of 
the plant are well provided with air passages (Fig. 171). 

Mesophytes. —The majority of plant species thrive be.st on a 
moderate supply of water and are known as iursvphylca. Living 
un<ler conditions especially favorable for plant growth, they 
posse.ss well-developed root ami leaf systems and are g(‘nerally 
large, thrifty, and fast-growing as conipaicnl with xerophytes 
and hydrophyte.s. Their leaf area is extensive, the cuticle ami 



—Trnii«Vfrr,c section of the stciit of n typical wntcr 
phyllum). The hbrovuscol.nr cyliixler is poorly <Jovcloi»ed niic] the cortex ik 
provided with larKo air chaiulx-rw. 

epidermis rather thin, and the stomata not especially protected. 
Internally they are highly difTerentiatcd, particularly as to the 
fibrovascular system. 

Through bog and swamp plants, with their typically spongy 
structure, mesophytes merge gradually into hydrophytes; and 
at the other environmental extreme it is hard to draw a sharp 
line between mesophytes and xerophytes. Furthermore there 
arc many plants, such as our deciduous trees, which are meso- 
phytic during the summer and xcrophytic during the winter. 
Such plants are known as tropophyUa. 

The modifications of plants with reference to their water supply 
are legion and provide a fascinating field of investigation, for 
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nowhere else is the ref^Uatory character of plant structures more 
clearly evident. 

Chemical Substances.—The efTects of chemical substances 
upon plants are many and far-reaching. Certain physiological 
anil inorj^hogenetic influences of various chemical elements and 
compinmds have l)een discussed in earlier chapters. 

In certain cases the direction of growth is apparently deter¬ 
mined by chemical factors. The growth of the pollen tube 
(p. 340) from the stigma down through the style and directly 
to the mouth of an ovule i.s attributed to such chemoiropism. 
Sperms and minute motile plants have also been shown to move 
toward or away from specific chemical substances. 

Plants display characteristic inherited reactions to the presence 
of chemical substances in the soil. Certain species, for example, 
thrive on saline soil where the majority of plants are quite 
unable to exist. Others grow only where the soil is markedly 
acid, and still others only where lime is abundant. Some ubicpii- 
tous types are able to exist in soils of almost any chemical 
composition. The distribution of plant species over the earth’s 
surface is influenced to no small degree by their reactions to 
particular chemical substances in their environment. 

Living Organisms.—The environmental factors which have 
been discussed th\is far are all lifeless ones. Of the utmost 
significance to the plant are also the living organisms with which 
it is surrounded, and its relations to this organic environment are 
many and varied. First in importance is the stniggle for 
survival which is taking place continually between living things, 
for no plant exists by itself, reacting only to the inorganic factors 
which surround it. It is competing with its neighbors for water, 
for nutrient materials, for sunlight, for insect visitors, and 
for other necessities. It is preyed upon by parasitic plants. 
It is devoured or destroyed by animals of all kinds. Only the 
vigorous and the fortunate succeed, and they are few compared 
with the many which fail and die. 

Parasites .—The great majority of the seed plants are independ¬ 
ent, deriving their sustenance directly from the inorganic environ¬ 
ment, and the struggle between them is therefore fair combat, 
with victory to the most efficient. Some species, however, 
have abandoned this passive form of competition for active 
attack upon their neighbors and have developed an ability 
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to obtain part or all of their food directly from the tissues of 
other plants. Such an organism i.s known as a parasite (Figs. 
172 and 173), and its victim as its host. The ti.<sues of the liost 
plant are pierced by small, modified root.s, the sucking organs, 
or haustoria, which grow from either the root or the stem of 
the parasite. The.'Je pein^trate to the vascular hniKlle.'- or 



FiO. 172. A pitroMtc. The dodder (Cutcutaf, pitrat^itic- on un luT>>a(-<-ou.s plant. 

Note the ub^nce of clilorophyll. 


atorage regions of the host and draw therefrom u supply of manu¬ 
factured food. Parasites display certain characteristic structural 
modifications, notably an absence or poor development of normal 
roots, a reduction in size of the leaves, and a partial or complete 
loss of chlorophyll. Some parasites, particularly those whose 
roots attack the roots of other plants, may be only partially 
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parasitic, whereas others derive their entire food supply from 
their hosts, and can live only as parasites. 

The small but interesting group of insectivorous plants have 
gone a step further and reversed the ordinary relation between 
animals and plants by becoming parasites upon insects. In the 
Venus’s-flytrap two parts of the leaf blade are hinged, somewhat 



Ki<;. \7li .—A inijillotoo plant prowinfc on « woody brnnrh that ha» boon cut open 
to show the tii> 2 »uos of the parasite ponctrating the boat. 

like the valves of a clam shell, and on their inner surfaces are 
sensitive hairs. When an insect touches these, the two halves 
snap together and imprison it. In the pitcher plant the leaf 
is modified into a pouch or sac, the lower portion of which is 
filled with water. Above this the inner wall is covered with stiff, 
downward-pointing hairs, thus making it easy for an insect to 
slip doiNTi-into the water and difficult for him to climb out. 
In the sundews (Fig. 174) the leaf is covered mth sticky tentacle- 
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like hairs which close around and entangle small insects which 
touch them. In the bladderwort, an aquatic plant, a portion of 
the leaf is a small sac or bladder, the entrance to which is guarded 
by a tuft of sensitive hairs. ^\ hen an insect or other minute 
animal touches these hairs the bladder expands an<l sucks in the 
animal, which is then unable to get out. In all these plants the 
bodies of the insects, once catight. 
are apparently digested by en¬ 
zymes secreted by glands in the 
leaves and may thus furnish a 
small supply of nitrogenous food. 

Parasiti.sm is comparatively 
rare among seed plants but is 
very common in the fungi, many 
of which attack the tissues of 
both plant an<l animal lujsts and 
produce serioii.s ba(^terial and 
fungous diseases. 

Saprophytes .—Similar in ceV- 
tairi respects to parasites arc 
a group of plant.s which also 
depend upon other organisms 
for food but live instead upon 
their dead bodies, drawing 
therefrom the already combiiK'd 
organic compound.s and using 
them directly as food. Such 
plants are known as sapro¬ 
phytes. Here belong the bac¬ 
teria of decay and all other 
fungi which are not parasites. 

There arc u few siiproi)hytcs among seed plants, of which the* 
Indian pipe (Fig. 175) is perhaps the best known example. The 
structural modifications of such form.s in general are similar to 
those which distinguish parasites. The ability po.ssessed both 
by parasites and by saprophytes to use complex organic sub¬ 
stances directly is nearly or quite lacking among ordinary green 
plants, which are able to absorb through their roots only simple 
inorganic salts. 

EpiphyUs .—A third type of relationship between one plant 



1*10. 17*1,—Leaf of an iuM^otivorouK 
plant, the sundew (Z>rt;«rrn), covered 
wth sticky teiilaclea. Those ut the 
rigtit have raptured and closed around 
o fly, which 16 Ixung digested* {Prom 
A. W. HaufU,) 
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and another, and one which is usually free from destructive 
consetjuences, is presented by those species which grow upon the 
bodies of other plants but are not parasitic thereon. Such 
plants arc known as epiphytes (Fig. 176) and are especially com¬ 
mon in dense tropical forests. Many ferns and orchids display 
this liabit of growth. The mots of epiphytes have no connection 



with the ground and do not enter the living tissues of other 
plants, and in consequence they are often modified to draw mois¬ 
ture directly from the rain and dew. Structural features charac¬ 
teristic of these plants are a much-thickened cuticle, protected 
stomata, and fleshy stems and leaves. In a few cases epiphytes 
possess pouch-like leaves which hold rain water, and adventitious 
roots, growing do^^^l into these reservoirs, absorb water from 
them. 
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Sxjmhiosis .—In the relationship? betwe(>n the plant and othei 
organisms in its environment thus far mentioned the ad\anfage 
has been one-sided. There aie instances. lio\ve\(‘r. of true 
symbiosis, an intimate relation between two plants, or between 
a plant and an animal, where the advantag<*. to some extent at 
least, is mutual. ,\n exampU* of this is j)ro\i(lc‘d by th(' whoU* 
group of Lichens, caeli member of which is a composite organism 
j)roduced by the close association of an algal speiat's and a fungus 



1 * 10 . I7l). - l!)pi|>h> tea Krowiiig on a tree tiunk. 


species (Fig. 314), and in which both seem to derive a certain 
amount of benefit from the union. The rnycorrhizas, or a.ssocia- 
tions between a fungu.s and the root tip of a higher plant, which 
hav'c been mentioned in a previou.s chapter, are evidentlj-^ other 
examplc.s of the same state, as is probably tlie connection between 
the nitrogen-fixing root-tubercle bacUria and the leguminous 
plants in which they live. There is evidence, however, that in 
many of these cases of supposed symbiosis one of the partners 
derives so much more benefit than the other that the relation 
is probably more accurately described as parasitic than as .sym¬ 
biotic in character. 





Kua. 177.- -Swiiinp ns^^ociation xvith ruttails and water lilies. 

with con.seq\icnt benefit to the plant species. These two types of 
lehitionship are vciy numerous and fascinating and have long 
been the subject of investigation by botanists. They will be 
described more fully in a later chapter. 

Plant Associations.—In their reactions to external conditions, 
tlifferent plant species either may respond in such a way as to 
become adapted successfully to the same general environment or 
may become more or less interdependent upon one another, wdth 
the result that these various species, often including plants wddely 
diverse in size, stioicture, and relationship, may thus grow side 
by side together and form an easily recognizable group. Such 
a group is knowm as a plant community or association and may 
1)C characteristic of a swamp environment (Fig. 177), a desert 
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.\mong the higher plants there appear many instances of 
relationship between organisms which arc also of advantage to 
both, though they are not intimate enoiigli to class as tnjc 
symbios('s. Most notable are those between flowering plants 
and injects, whereby the plant derives the benefit of cross- 
pollination and the insect a supply of nectar; and the numennis 
cases where fruits are attractive to animals by furnishing them 
with food and in turn are ilistributed wideU'^ by these animals, 
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environment (Fig. 178), a rnesophylic forest environment 
(Fig. 1G3), a sea-l>each envir<»ninenl, and many others. Each has 
a charaeteristic species or group <}t species wliicli gives the associa¬ 
tion it.s name, so that one ma\' •«p(.:il< of a sprnce-lialsam forest 
association. a wiilow-hirch thicket as'^ociation, a J*<Ki-Ii*uni(x- 
Lathyrus association, and so on. 

Most plant as-ocialions are not -latic and constant in extent 
and charact(*r hut ten<l to ex})and tin ir range to co\'ei‘ the entii'e 



I'Hi, 17H.—A desert n.ss^>riation, 
phyte.H. {C*ouftf9y of T). T. ncDouyat tin*i 
Varncoic Inttitatitm.) 


of c;\rti and otJn*r oxtrvuw xorf>- 
forrt^i st rf J,ahorfUory, 


0 


environment to which they are well suited. 'I'heir pr<‘s(uicc may 
in time alter conditions .so that a very different group of specie.s 
ultimately s(i]>])Iants them. C'linmtic and topogniphic chang(*s 
of various sorts may ahso modify conditions in time so tliat there 
may be marked changes in the distribution of plant associations. 
In a given locality one group of plants may thus encroach upon 
another as when a pond is gradually being filled (Fig.s. 17‘) and 
180). Such a succession may be relatively rapid, or it may 
extend over many years, and it will continue until stability is 
attained through the appearance of a vegetation wliich is essen¬ 
tially permanent. 1 his is spoken of as the climax association 
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for tlic region in ciuoi^tion. Tluis, in old fields in northern 
New England, once cultivated but later abandoned, crop 
plants were succeetled by annual herbs, either weeds or native 
plants; these' bv ])orennial herbs; these by slu'ubsof ^■arious species; 
these by small and short-lived trees, like the old-field birch; 



Fio. 179.—Plant sticro.ssion. Tliroo stages in tho filling of a lake with a 
<lci>osit of i>oat, which is fiimUy covered by forest. Stages in tho succession are 
aquatic plants, hog plants, shrubs, coniferous .forest, and deciduous forest, the 
last being the climax vegetation, {After Dachnownki. Rtprodxtced 6y pmnfsnow 
from Gcologicol Survey of O/iio, BuUclin 16.) 


these by oaks and hickories; and these ultimately by maples 
and hemlocks, the last being the typical climax vegetation of 
the region. The climax vegetation changes slowly as conditions 
change. Thus since the retreat of the glacier the climax associa¬ 
tions of New England have doubtless altered greatl 5 ^ The dis- 
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trilnition of the chief plant associations of Xorth America are 
shown on the accompanying map (Fig. 181). 

In this brief discussion of the influence upon plaiits of the 
various factors in their environment there have been outlined only 
certain of the more important aspects of the problems which 
underlie the whole science of ecology’. No environmental factor 
is paramount, and the reaction of the plant is to the whole series 
of them. The direction of grf)wth. for example, mav be influ- 


I'tii. 180.— Plant Hurccsbion in llic ftlling of a Mnall pond (a.<i in Fig. 170). 

cnced both by gravity and by light, and the result is determined 
by the relative strength of these two stimuli under the particular 
conditions existing in a given case. In the .same way, the 
distribution of a given plant species over the earth’s surface is 
determined not alone by soil conditions or moisture or tempera¬ 
ture or parasites but by the whole scries of environmental 
factors taken together. The essential point to remember is 
that the structure and activities of any plant are not controlled 
entirely by either the environment in which it lives or the 
specific and inborn characteristics of its protoplasm but are 
results of an interaction between these two forces. Plants 
belonging to different species will develop and function very 
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Fiu. 181.—Map showing tho distribution of tho chief types of native vegetation 
in North America. {JFrom A. W 4 Haupt» after Harahberger.) 
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differently even under envir©nmcnts which are identical; and 
plants entirely similar will become very' different if grown under 
different environments. 

An understanding of ecological principles makes possible 
an intelligent control of the growth of plants and is thus important 
in the practical applications of plant science. Inde(‘d, the 
practice of agriculture consists hugely in the employment of 
our knowledge of plant ecology' for the controlled growth of plants 
useful to man. 

QUESTIONS FOR THOUGHT AND DISCUSSION 

606. Give an example of the re.si>onse of u plant to its environment 
which is regulatory in character. 

607. From its structure, which of the ti.ssues of the plant do you thitik 
might scr\'c most readily as u means of transmitting stimuli quickly from 
one part of the plant to another, in somewhat the same way as (h) tlic 
nerves of an aninuil? 

608. What structtires in the plant most clo.sely correspond to the sense 
organs of an animal? 

609. Cite five structural adaptations of a plant species to inorganic 
factors in the environment in which it lives. 

610. What danger may there he for a species in bet-oming very 
closely atlapted to a particular environment? 

611. Why will a warm period in n)idwinter sometimes result in the 
absence of fruit upon a tree the next season? 

612. Of what advantage and of what disiidvantage is snow to vegeta¬ 
tion? 

613. In what respects are conditions affecting plant gro^vth on high 
mountain tops different from those of arctic regions w'ith about the 
same temperature? 

614. On southward facing slopes, in temperate regions during the 
summer, the sun’s rays fall almo.st vertically on the surface of the 
ground, much os in the troj)ic8. Why does not the vegetation on such 
slopes grow with tropical luxuriance? 

616. Many of the higher aninmls can thrive and function normally 
in the winter, whereas plants cannot. To what physiological difference 
between the two groups is this due? 
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616. \Miy is the efToct of a killing frost usually not evident on the 
following morning until the sun has been up for some time? 

617. \\ hat advantages and what disatlvantages has agriculture in 
the tropics over that in temperate regions? 

618. Of what advantage to the plant are the phototropic reactions 
which it displays? 

619. Flowers are generally positively phototropic, and fruits nega¬ 
tively so. Of what advantage arc those reactions in the process of 
reproduction? 

620. \\njat mechanism can you suggest which would explain the fact 
that a sunflower head will tencl to face continually toward the sun during 
the course of the day? 

621. When nurserymen grow seedlings of forest trees, they often cover 
the plants with a latticework screen for the first few years. Explain. 

622. How far, in your opinion, is each tif the following statements true? 
"A shoot grows toward the light 

(1) because it is positively phototropic; 

(2) to bring the leaves into a favorable position for photo¬ 
synthesis; 

(3) because it grows faster in the light; 

(4) because cell elongation is greater on the less brightly 
lighted side of the stem.” 

623. Of what advantage to the plant are the gcotrojiic reactions whicii 
it displays? 

624. Most primary roots are positively gootropio, but the lateral 
roots which arise from them are usually transversely geotropic. How do 
these reactions facilitate the absorption of materials from the soil by the 
root? 

626. Give an example of a stem which is not negatively geotropic. 

626. How different is the direction in wliich the trunk of a tree will 
point if it is growing on a steep hillside from that in which it will point 
if it is growing on level ground? 

627. Criticize the following statement: “The primary root is posi¬ 
tively geotropic so that the root system will develop in the soil rather 
than in the air." 

628. Of what advantage to the plant is it to have its roots positively 
hydrotropic? 
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629. What advantage for the Mimosa plant, do you think, comes 
from its remarkable sensitivity? 

630. The leaves of corn and other grasses often roll or curl when it is 
very hot or dry. Why is this, and of what advantage is it to the plant? 

631. Why do de.sert plants usually have a highly concentrated cell 
sap? 

632. The leaves of de.sert plants are usually leathery, fle.shy, or very 
small. Explain. 

633. The leaves of Eucalyptus, a tree which flourishes in warm, dry 
regions, hang vertically on the branches. How is this of advantage to 
the plant? 

634. The leaves of compas.s ])Iants are erect and vertical, with their 
e<Jgea pointing approximately north and south. How may these 
characters be of advantiigc to the plant? 

636. Why are arctic and alpine plants xerophytic, even though there is 
plenty of moisture in the soil where they are growing? 

636. Plants with downy or woolly leaves are abundant on mountain 
sidc-s and exposed alpine situntion.s. How are they particularly suited 
to such conditions? 

637. Why are the leaves of evergreens in temperate regions usually 
firm and leathery? 

638. The leaves of many evergreens, such as juniper, are pressed 
against the stein in winter but loosely spread in summer. Explain. 

639. The “rosette” habit of growth, where all the leaves are in a circle 
close to the ground and a stem is absent, is common in cold and in arid 
region.s. Explain. 

640. Why do epiphytes usually have leathery leaves? 

641. Why are mesophytes “generally largo, thrifty, and fust-growing 
us compared with xerophytes and hydrophytes”? 

642. UTiy is a plant association often a very heterogeneous group, 
consisting of trees, herbs, saprophytes, climbers, and other types? 

643. How may a knowledge of the native vegetation of u region be 
useful in predicting what kinds of cultivated plants will grow w'ell there? 

644. Will the climax type of vegetation in a given region remain 
constant indefinitely? Explain. 
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545. What are the advantages and the disadvantages to a plant of a 
parasitic habit of life? 

646. liow is a parasite able to withdraw food and water from its host 
))lant ? 

547. If the colls of a parasite arc shown to have a lower osmotic 
concentration than the colls of its host plant, how can it obtain water 
from tlie latter? 

648. Why is it, do j'ou think, that other kin<ls of animals than insects 
are not caught by plants? 

649. Most j)lants which capture insects and use them for food live 
in bogs or submei-sed in water aiui thus have no access to ordinary soil. 
What relation may this fact have to their insectivorous habit? 

660. Which type of plant probably ap})eare(l first in evolution, the 
saprophyte or the parasite? Give reasons for your answer. 

661. What important roles do saprophytes play in the ei-onomy of 
Jiature? 

662. Wtmld you say that the relation of a seedling to the food stored 
in the oiulospenn of the seed is that of a parasite or of a sai)rophyte? 
Why? 

663. Why arc epiphytes more common in dense troj)ical forests than 
elsewhere? 

664. ^\^lat various ways cun you think of by which plants protect 
themselves against being eaten by animals? 

666. What barriers hinder the dispersal of marine plants? 

666. What various reasons can you suggest for the fact that some 
)>lant species are much more wi<lcly dispersed than others? 

667. There are many more si>ocics of plants in the tropics than there 
are in temperate regions, although the number of individual plants is 
probably not very different. Explain. 

668. As a general rule, a brectl of livestock can be employed in 
agriculture over a mucli wider area than can a variety of cultivated 
plants. Explain. 



CHAPTER XI 


REPRODUCTION 

Tims far the plant body h:is been studied as an individual, in 
wiiich roots, stenas, and leaves develop characteristically and 
function in such a way that the successful existence of the plant 
is assured. The individual ultimately disappears, liowever, and 
it obviously is necessary, if the species to which this belongs is to 
sun'ive and maintain itself, that some means be provided for 
insuring a constant succession of new individuals, transmitting 
the life of one generation to the next. This is accompli.shed by 
the process known as reproduction, wherebythe plant, by one 
means or another, produces a group of offspring. The struc¬ 
tures and functions of all plants may thus be divided into two 
rather sharply marked groups: the vegetative, centering around 
the root, stem, and leaf, which are concerned primarily with tlu* 
life of the individual plant; and the reproductive, centering 
around the flower, fniit, and seed, which are concerned primaril>' 
\rith the maintenance pf the species. It is the latter group 
which will be discussed in the present chapter. 

There arc two main types of reproduction, markedly dilTerent 
from one another. These are asexual, or vegetative, reproduction, 
in which portions of the body of the parent become detached 
from it and are set apart as new individuals; and sexual reproduc¬ 
tion, where there is a union between two specialized roproductiN’c 
cells, or gametes, from which union a new individual ari.ses. 

Asexual Reproduction.—The simplest type of asexual repro¬ 
duction consists in the division of the parent plant into two or 
more parts, each of which becomes independent. It is a charac¬ 
teristic property of most plants that a small portion of the body 
(particularly if it includes a bud), when removed and placed under 
favorable conditions, will replace the missing parts and develop 
into a new individual. This readiness for multiplication is 
mode use of extensively in the various arts of plant propagation, 
by which new iDdi\ddual8 are produced through layerings, 
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o\ittings, and like processes. In a somewhat similar manner a 
bud or twig from one plant may be united so intimately to 
another by budding or grafting that it thrives and grows as an 
int'Cgral part of the plant to which it has boon transferred. By 
use of these methods of artificial reproduction the horticulturalist 
succeeds in producing enormous numbers of individuals from a 
single plant. One particular advantage of such a procedure is 



Kio, 182.—Asexual roproduotion in the «>trnwborry. Crooping stem (runner 
or Htolon). home of the buds of which develop into branches that take root and 
ultimately form new plants. (From A. W, Haupi,) 


that it insures a high degree of uniformity among the offspring, 
since each one of them, in fact, is a portion of the original indi¬ 
vidual. All true Concord grape vines or Baldwin apple trees, for 
example, arc simply detached parts of the original vine or tree in 
which the variety originated. 

In many plants, reproduction of tliis sort is a constant accom¬ 
paniment of the slow spread and dispersal of the vegetative 
parts which are continually taking place (Fig. 182). Thus, a 
grass plant may become established in one spot and gradually 
extend its area until it forms a considerable patch of turf. Por¬ 
tions of this, through accident or decay, become separated from 
one another, and a colony of plants takes the place of a single 
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individual. In a somewhat similar fashion the beech tree multi¬ 
plies itself, suckers arising from buds on the roots of the parent 
tree until it is surrounded by a grove of beeclies, tliough this 
particular method of reproduction is not very common among 
the seed plants. The tips of arching branches may come in 
contact with the soil and root there, as often happens in the 
case of the raspberry. Rapidly growing rootstocks, like those of 
(juack grass, may be very important means of dispersjil arnl 
reproduction. Under suitable conditions new plant lets may e^•en 
develop on leaves, as in the commonly cultivated greenliouse 
plant Bryopht/llum and in the proi)agation of begonias. 

In many species structures have arisen which are particularly 
adapted for establishing new individuals by ^■egetative means. 
Here lx?Iong the ruttrurs, or stolons, of plants like the strawberry, 
which are modified stems; tl»e specializetl axillary buds of such 
species as lAlium bulbiferum, which drop to the ground and start 
new individuals; anti the tuber of tht* potato, which is a short and 
much-thickened underground stem from the buds of which new 
plants arise. Tlie bulb, as in the onion and hyacinth, and the 
corm, as in the crocus, carry the plant over from one season to 
the next (Fig. 90), and their buds ultimately give rise to a group 
of new plants. 

Sexual Reproduction.—Far commoner arul more important 
than the asexual or vegetative method of reproduction, however, 
is the sexual. The essential feature here is the union of two 
specialized sexual cells, or gametes, to form a sintjle cell, the fertilized 
egg, or zygote, from which a new individual develops. A successful 
consummation of this process is the function of a great variety of 
reproductive structures throughout the plant kingdom. These in 
the higher plants are called the flower, fruit, and seed. It still 
is uncertain as to what notable advantage is gained through this 
process of sexual union which should make it so common among 
plants. There is evidence in some casc.s that an increase in 
vigor characterizes the offspring from it, and the increased 
variability which often results from this type of reproduction 
has also been regarded os advantageous, ^lany very successful 
species exist, howcv'cr, which now depend wholly or in large 
part upon asexual reproduction. 

That plants reproduced sexually was not suspected by the 
earlier botanists, and the details of the process have been known 
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tor hardly' more than a century. The functions of floral 
structures, paiiicuhul\' the stamens, was long a subject foi' 
speculation. In l('»9l the (lerman botanist Camerarius observed 
that if he removed the anther-bearing flowers of the castor bean, 
no seeds were prcKlueeil. Similar evidence from other plants 
convinced him that both types of flowers and floral parts, “male" 
and “fejuale." were' nece'ssarv for seed formation. Another 
(lerman, Koelre'uter, is usually regardeil as the discoverer of 
se\ualit>' in jdants. lie re'cognized the importance of pollen 
grains and the* necessity for their transfer to the stigma if seed 
were te) Ix' formed, and he was the first to make air artificial 
cros.s-pollination and thus to |u*otlu('e a hybrid between two plant 
spi'cies. It was not until 1830, however, that the formation 
<»f the pollen tube and its passage down the style and into the 
ovuh' W('re obseiA’ed by the Italian botanist .Vmiei, a discover^' 
soon followed by a recognition of the fact that there is a sexual 
fusion between gametes in tlu* ovule itself. 

In tlu' presi'iil discussion of sexual ix'production only the higlu'i* 
s(‘ed-bearing plants will be ci)!\sid(*r<*d, a study of ri'production 
in th(‘ lowi'i* membei'S of tlie plant kingdom being reser\’ed for 
later chapters. 


The Flower.—Seetl plants are characterized by the possession 
of a rather complex rein-oductive a]>i>aratus known a.s the flower. 
'I'his consists typically of those structures directly concerned with 
the development of the sexual cells, together with othei*s which 
contribute irulirectly to the proc<*ss of reproduction (Figs. 183 
and 181). 1‘b‘iilence from various sources indicates that the 
(low('r is essentially a short an(l compact branch which has ceasctl 
growing in length and which bears lateral Jippendages. 

The flower stalk is a stem with the function of supporting 
the flower in a favorable position for pollination. When it bears 
a single flower, or is the main stalk of a cluster of flowers, it is 
known as a peduncle. In flower clusters the indivhlual stalks 
are calleil pedicels. The flower develops as a branch from a bud, 
growing in the axil of a leaf; and this leaf, known as a bract, is 
usually much reduced, though sometimes flowei’s arise in the 
axils of ordinary foliage leaves. 

A typical complete flower consists of four circles of parts—the 
calyx on the outside, immediately followed by the corolla, both 
concerned only indirectly with the process of reproduction; and 
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within these the stamens and the pistils, in which are developed 
the male and female sexual cells from the union of which the 
new individual develops. All these structures are attaclied 
directly or indirectly to the receptacle, or enlarged end of the 
flower stalk. 

In flowers with much (iongated receptacle.s, as in Magnolia, 
the floral parts ar(* (it'arly arranged in a spiral. Most flowers are 



Sepal Petol Stomen Pistil of Ovory 


Fto. 183.—The* structure of the flower of a dicotyledonous mhuI r^laiii (dia- 
Kranirimtin). A, face view of the 6owur, allowing ita calyx r>f five ita 

corolla of five pclul»» ita ton stnfiivn^» and its piatil. li, longitudinul section, 
nhowing the rchitiona lx*twccri tho parts. 1, receptacle. 2, ciilyx. 3, corolla. 
4, stamen. 5, piatih w‘ilh ovury cut length wise. 


80 shortened, howeveu*, that this is no longer evident, tliuugh 
(jorreaponding members of adjacent circles usually alternate 
witli each other. 

Calyx .—The outermost circle, or caly.x, consists of units, the 
sepals, floral parts which in most cases are green and leaf-likc 
in appearance. They often arc somewhat tough in texture and 
function chiefly in the protection of the inner and more delicate 
floral structures as these develop in the bud. In some cases 
they may become petal-like. 

Corolla .—Within the calyx is the corolla, consisting of a circle 
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of broad, foliaccous structures, the petals. In their attachment 
these usually alternate witli the sepals but are markedly difl’erent 
fi'om them in being mucli more delicate in t(‘xture and of some 
oflu'r color than grecui. 'i'he chief function of the petals is to 
attract to th(‘ flower lluise ins(‘ets useful in effecting ])ollination. 


'riiis is accomplislKal either by conspicuous colors or attractive 
odors, which guid»‘ the insect to the flower; and by the secretion 


of a sweetisii substance, tlie nectar, in glands, or 7icclarics, usually 
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Fio. 181.—Ttu> stnu’luic of u llowor of u niouocolylcdonoua scfcl plniit (TriV- 
litim). A, faro view of the flower .HliowhiR calyx of three sepals; corolla of throe 
petals; G staineii.s; and the pistil. li. side view of the flower with one petal and 
one stamen removed. C, a tiaiisver.se diajn'nni of the flower, the sepals and ovary 
walls black, the petals, stamens, and ovules outlined. D, a longitudinal diagram 
of the flower. 1, sepal. 2. petal. 8. stamen. 4, pistil. 

near the base of the corolla. Some insects also seek the pollen 
itself. The color of the petals ranges throughout almost the 
whole spectrum, except that green is very uncommon. The 
pigment may be dissolved in the cell sap, as is the case with most 
of the reds and blues which are due to various forms of the pig¬ 
ment anthocj'anin; or may be contained in special chromoplasts 
in the petal cells, as with most orange and yellow colors, which 
are chiefly due to carotene. Whiteness of petals is the result of 
light reflected from many air-filled spaces in loose cellular tissue. 
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The calyx and corolla together constitute the p(rian(h of the 
flower. 

Stamens. —Each stamen consists of a terminal organ, the anther, 
supported in most species by a stalk, ov filament. The anther 
contains usually two pollen sar.s. In earl\' develoj>ment the 
contents of each of thes(' consi.'^^s of a large number of pollen 
mother cells, each of which ultimately divides into a group of four 
pollen grains (Fig. 185). The pollen is lilx'rated, wln*n mature, 
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185,— Poilun grains from various A. hirrii; H, Gittkoo: (\ pino; 

/>, rnugwort: E, wulriut: water lily; G, dock: //, dandelion; /, rugwuotl; ./, 

KuHsian thistio; K, sunflower; L. mUow (<lry and rontruet<*d); M, >s'illow (inoiAt 
and expanded)*; grass (nioist and expanded); O, gra.^^ (<lry arul eontruetod); 
P, |>oplfir; Q, wild carrot; H, Drimya (a priiiiilive dicotyledon, with four graiiiA 
united), C magnified 250 iiincs, the others 500 tinier. (/1/frr U, P, Wodihougr.) 

by the splitting open of the pollen-sac wall. Within esu-h 
pollen grain are produced two male gametes, wliich inaiy ofTeet 
fertili^iition. 

Pistils. —The summit of the flower is occupied by a pistil or 
pistils, in which the ovules, or potential seeds, are developed. 
Each unit of the pistil is a carpel, which enclosc^s the ovules 
(and later the seeds) in a cavitj' or chamber known as the ovary. 
At its tip is the stigma, an organ winch is sticky, roughened, or 
otherwise modified so tliat it catches and holds the pollen grains. 
The stigma is often elevated on a stalk, or style, of considerable 
length. 
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WluMi tlie pistil consists of only one carpel, as in a bean pod or 
pea ])od, it is said to bo simple (Fig. 1S7). \\ hen a single pistil 

represents the more or less complete fusion of two or more carpels, 
however, as indicated by the presence of more than one chamber 
in the o\ary, more than one stylo or stigma, or other evidence, 
the pi.stil is said to be coinpouinl (Fig. 188). 

The ovules, or potential seeds within the ovary, are attached to 
it at delinite points, lines, or ureas, known as placciifav (singular, 
placcii(a). The various t>pes of plaeentation arc shown in 
Fig. 1S(). ICach ovule is borne on a stalk, or funiculus, and may 
be erect or, more commonly, recurved. There may be but a 
single ovule in the ovary, as in the gras.ses; a few, as in most 
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I>f pIsKomution. .1. hxiU*: H, piirictal; C. contrni; I), 

ci'iitnil. 


U'gumes; or very many, as in tol)acco. Tlie central portion of 
the ovule, or nucellus, is surrounded by two coats or integuments 
which inclose it except for an opening, the micropyle, at tl\e tip 
of the ovule. Within the nucellus is the embryo sac, containing 
a group of cells among which is the female gamete, or egg. The 
evolutionary history and significance of the embryo sac will be 
discussed more fully in a later chapter. The fertilization of an 
egg by a rnale gamete from a pollen grain initiates the series of 
processes which result in the development of the ovule into 
a seed. 

Variations in Floral Parts. —These four groups of organs 
exhibit such great dilTorences in the number, shape, size, color, 
texture, and relative position of their parts as to give the flower a 
far greater range of external stinctural diversity than the other 
organs of the i)lant, and taxonomists therefore depend upon the 
flower vciy largely for those characters which distinguish genera 
and families of plants from one another. 

In number, the floral circles may differ considerably. Among 
some of the more primitive orders there are several separate 
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simple pistils (Fig. 187, A, B), though as the result of carpel fusion 
this part of the flower is more often single but compound, at least 
as far as its ovaiy is concerned. The stamens are often the most 
numerous of the floral parts and are generally free from one 



187.—-Diaicram.H of vnriouH ty|>o» of flowors<. Tlio trannvorso diiiKrutuH 
fthow tliu of |>arUi and tlio relations between the ineiuborK of the ttariie 

circle of parts. The lon^tudinal dia^rnin.H 8how the rointioiiA )>ctwiKMi the 
various circlcH. Keceptuclo dotted, |K*tuU und outlined, and other 

ntructurea solid black. A and B, triiUKVorHC and loiiicitudiiml dia^rnins of the 
flower of the atonccrop OSedum). BepulK, petalH. 8tuiiiena, und pi»liU are all free 
Troin one another. They are all attached directly Uy the receptacle, or are 
hypoQunou9* Each ovary ia mrnple. C and D, cherry {Prunu9). The HOpal.^t 
are united into li gamo8epalou$ calyx but the petaU and stamens uro uH bcparute. 
The corolla and the staincrut are attached directly to the calyx» or are ejrisei^oun. 
The ovory hoa but one chamber, in which ore two ovules. 

another, although in some families they may be partially fused 
together either by their filaments or by their anthers. The petals 
are usually fewer than the stamens and rarely exceed ten in 
number. In certain orders they are united to form a continuous, 
or gamopeUdous (as opposed to a polypetaloua), corolla (Fig. 188). 
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'Fhe sopals are generally of the same number as the petals and, 
like them, may sometimes Ije fused together into a gamosepaloua 
(as opi)Osed to a pe/j/.srpa/oi/.'?) calyx (Fig. 188). Fusion between 
members of the same floral circle i.s known as coalescence. 

Not only are the members of OJio circle sometimes joined 
together, l>ut two entire circles may even be united, a condition 



Fio, 188.— Diagrnind of various types of flowora. A ami blueberry (Vac- 
emtum). Tlie sepals arc united into u gatnosepalous calyx, the petals into a 
guinopotalous corolla, and the ovary is compound, with five chambers. Tho 
calyx, corolla, and stamens are united wiiU the ovary, or are C and 

D, tobacco {Nicoiuina), The calyx is gamosepalous, tho corolla gamopctalous, 
and the ovary compound, Avith two chambers. The calyx and corolla are 
hypo(;^noH8 but the stamens are attached to the corolla or are epipetaloiu* 

known as culnalion. When the floral parts are attached to the 
receptacle (and are thus under the ovary), they are said to be 
hypogynous. The corolla is sometimes attached to the calyx and 
is thus episepalous, or perigynous (Fig. 187, D) ; the stamens to the 
corolla {epipetalous, Fig. 188, D) or to the calyx (episepalous); 
the calyx to the ovary (epigynous) (Fig. 188, B) ; and so on. 
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In shape, floral parts var)' enormously. In tlic lower tiioups. 
such as the buttercups and roses, all members of the same 
circle are alike so that tlie flower lias a star-shaped or rc(iular 
appearance (Figs. 183 and 18-1). In many ol the* higher groups 
some of the sepal.s, petals, or stamens are diflerent from tin- rest, 
or the fused calyx or corolla is not symmetrical, with there.sult 



—An irre^ulur nower, I lie* toHctflax (Ai n/jnVi rw/(/ari«). Thv l orulla 
huM two wliieii aro s*\nctid apnrt by I he Ikh* um lu* «-ntcrh in Mearch of !ho nec¬ 

tar, secreted by a gland or ni^ciary ut the end of the long b|Mir. 

that an irregular flower is formed (Fig. 189). Most of the 
legume.s, mints, and orchids are of this t3'pe, which has evident !>• 
evolved in response to the development of insect pollination. 

In size there is also great diversity, although flowers more 
than a decimeter in diameter arc rare. In texture, flowers are 
generally soft except for the calj-’x, the firmness of their parts 
being produced by turgidity of the cells rather than by skeletal 
tiasucs. In certain cases, however, notably in the grasses and 
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allied families, the perianth segments have become hard, dry. 
and chaffy. 

A flower with all four circles present is called complcfc, but any 
one, or more than one, may sometimes Ixj absent. If both calyx 
and coi'olla are missing the flower is said to be )iakcd; if the calyx 
is missing, ascpalous; and if the corolla is missing, apetalous. A 
flower with both stamens and pistil is termed perfect. If either 



Fio. 190.— Flowers of « monoecious species, the atiutish (Cuewebi/a Pepo). 
I’istilltitc flower (loft) und stomiiiate one (right), with portions of corolla removed. 
{Frovi i’mnyfc.) 

the stamens or the pistil is absent, the flower is unisexual, or 
imperfect, and is called either slaminatc (male) or pistillate 
(female) according to the stiMctures which it possesses. If 
both staminatc and pistillate flowers are distinct from one 
another but are on the same plant (as in corn, squash, birch, 
and many others) the plants are said to be monocctous (Fig. 190); 
if the two sexes are on separate plants (as in the \viUow, Fig. 191) 
the species is termed dioecious. 

Many flowers, particularly among wind-pollinated plants, 
are much reduced. Typical of these is the flower characteristic 
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of the important Grass family (Fig. 192). Hero tlio flowers oecur 
in small eliisters or spikclets which are gro\ii)e<l into larger 
chisters. At the base of each sijikelct arc two dry scales, the 
(jlumes. Each single flower is enclosed by two smaller .scales, 
the htnmn and the palca. It consists of three stamens ami an 
ovary which Ix'ars a single o\'ule and twt) featluMV stigmas. 
.\t the l)as<* of the ovai’N' i-*- another pair of still smaller scales, 



I'io, 191,— Flowers a <hoocjou.n the willow iStifijr), At Jvit, 

from a «taiiiitiuto plant; at riuht, from ii |>i^ti^ato oik*. 


the lodiculca, which may represent the vestiges of a perianth. 
Wlien the flowers reach maturity and conditions are favorable 
they open, the stamens and stigma protrude from the scales, 
and pollination occurs. 

In studying the evolution of floral parts, evidence has Ix*en 
obtained that tlic earliest floral type was ijcrfeetly regidar, with 
its various parts rather numerous and with no fusion whatever 
between circles or between members of the same circle. The 
evolutionary position of a family or other group of species within 
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th(‘ seed ])hints is determined largely by the extent to which 
fusions and other modifications of this plan have been brought 
about. 

In florescence .—The arrangement of flowers on the plant is 
known as the Inflorescence. The flowers may be solitary, arising 



l-'iQ. 102.— Flower of a typical ^rass (tlic oat. Atcna). A, ontiro flower 
cluster, a panicle; li, a sinfflo flower with brncta removed, shomng three stamens 
ond two stylo branches; C, floral diagram shomng pistil, three stamens, two 
lodiculcs, palea (above), and lemma (below). (F’rom A. W. Haupl.) 

from the ground, or singly in the axils of the leaves; or the leaves 
may be reduced to small brazils, the inteniodes shortened, and the 
flowers thus grouped into definite clusters. Such clusters are of 
various types as to shape and arrangement (Fig. 193). When the 
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first flowers to open are at the base or the outside of the cluster 
and are followed upward or inward by progressively younger 
ones, the inflorescence is said to be imUUrminaU'. The most 
important types here arc (1) tlie raceme, in wliich the inflorescence 
has a long axis and the individual flowers each are borne on a 
pedicel of essentially uniform lengtli, producing a loose, elongated 
cluster, as in the lily of the valley, the hyacinth, ami many others; 



Pio. 103.—Diagram tthowing the arrangcrnuiit of flower^^ in tlio most common 
typos of inflorescoiico. A. rucomo; B, spiko; C\ head; umbel; coo^n^b; 
P. cyme; G, paniclo. 


(2) the spike, similar to the raceme except that the individual 
flowers are borne directly on the axis, vnlhout stalks, as in the 
plantain; (3) the calkin, a spike- or cone-like inflorescence of 
dry or chaffy flowers, either staminatc or pistillate only and 
falling off from the stem entire, as in the willow; (4) the corymb, 
a flat-topped cluster where the main axis is elongated and the 
individual pedicels are unequal in length, as in the candytuft; 
(5) the head, where the axis is short and the individual flowers 
sessile, producing a roughly spherical inflorescence, as in the 
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clover; (0) the u}nbel, where the axis is short but tlie individual 
flowers are on pedicels of about the same length, as in the onion; 
but the most familiar type is one where each primary branch 
of the umbel-like cluster itself bt'ars an umbel, so that the wlioh* 
inflorescence is a compound umbel, as in the members of the 
Carrot family. A compouml raceme, tu- panicle, is characteristic 
of main’ irrasses. WIkmi th(‘ first flowers to open are at the tip or 



Via. 194.—\Vind-i>olHiiatcd flowers of 
the aider (Alnus). The loiiff catkins 
are groups of nude flowers just ready to 
shed their pollen. Tlio smallest catkins 
are coinpo.^ed of female flowers, their 
stigmas ready to receive the pollen 
blown through the air. The woody 
rones of last year, which developed from 
the female catkins and have shed their 
seed, arc also shown. 


inner part of the cluster, thus 
limiting the growth of the 
tloral stalk, and tlie later ones 
arc pr»>gressivcly lower or 
farther out, the inflorescence 
is called a dclcrminate one, or 
a cyme. Tlic chickweed is a 
common example. 

Pollination.—The first stop 
ii\ the accomplishment of rc- 
])roduction is the transfer of 
pollen from the anthers to the 
stigma, a process known as pol~ 
lination. At ul)out the time 
the flower unfolds, the anthers 
open and liberate the pollen 
grains. Sometimes the stigma 
lies so close to the anthers 
that the pollen is transferred 
thereto directly, and this may 
happen even before the flower 
opens. In the great majority 
of cases, however, this trans¬ 
fer is brought about by some 
external agency, and pollen 
from the flowers of one plant 


is thus frciiuently carried to the flowers of another. 

The two most important agencies in effecting pollination are 
the wind and insects. Wind-pollinated, ov.ancinophilous, flowers 


(Fig. 194) are exposed prominently on the plant but are gen¬ 
erally small, inconspicuous, and unisexual, possessing a poorly- 
developed perianth, abundant dry and light pollen, and feathery 
stigmas. The amount of pollen produced by such plants is often 
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very great, reaching 50 million grains for an ordinary com plant. 
The pollen from coniferous trees in forested regions is so abundant 
as to form a yellowish scum as it falls on the surface of still 
water. Wind-borne pollen may be carried several hundred miles. 
It is pollen of anemophilous flowers which is important in medi¬ 
cine as the frequent cause of hay fever and asthma. Insect- 
pollinated, or entomophilous, flowei-s (Figs. 189, 190, 393, etc.), 
on the other hand, arc conspicuous or possess marked otlor and 
arc characterized by a well-developed corolla, pollen grains which 
tend to adlicre in masses, stigmjvs which are sticky, and in many 



Flo. IU5.—Florul devclopmont in tlio ^croiiiurn. Wlioii Iho Huwer o\>cus 
(3. 4. 5) the AtainenH burnt iind nlicd tlicir poUcMi» but the ntiiciiui i» rioted. Two 
or three daya later, after the stanicnn have dro}>|>od off (0 and 7), the stigma 
unfoldn and is receptive to pollen. Thus the flower cannot bo puUinoted by its 
own pollen. (After Clemtnte and Clemends.) 


cases by the presence of nectaries. The insect is guided to the 
flower by color or odor, and pollen readily adheres to its hairy 
body and is thus carried about from flower to flower, often coming 
in contact with a stigma, to the sticky surface of which it is 
transferred. Insects belonging to the order Ilymenoptera 
(the bees and their allies) are more important than any others 
in effecting pollination. 

In many cases there is evidence that offspring which arise from 
a cross, or union of sexual cells contributed by two different 
parents, are superior in vigor to those in which both gametes 
came from the same plant. Perhaps in response to this fact 
there are many devices among flowering plants which tend to 
insure cross-pollinalion, or the transfer of pollen from one flower or 
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plnnt to anotlior, and to prevent self-pollination, or the transfer 
of pollen from anther to stigma of the same flower. Some of 
the most remarkable of plant adaptations are to be found in the 
moelianisms concerne<l in elTecting cross-pollination. Anthers 
and stigmas, for example, may ripen at different times, with the 
result that the anthers liberate their pollen either before the 
stigma of the same flower is ripe for pollination (Fig. 195) or 
after it lias become no longer receptive. In many cases, also, 
pollen from another plant is better able to elYect fertilization 
than the plant’s own pollen; and in extreme instances the plant 
may actually be sclf~sl( rile, its own pollen failing to fertilize its 
ovules. More striking than these methods, however, are the 




Klu. 19(>.— Diniorplnt' {lowers of C'hincso priniruso {Primula sinensis), *4, 
flower with loni; stylo nod with stiintens attached low in the tube of the corolla. 
li, flower with short stylo and with stamens in the throat of tho corolla. 

% 

multitude of structural devices in cntomophilous flowers whereby 
self-pollination through insect agency is rendered difficult or 
impossible and cross-pollination made easy. This is sometimes 
accomplished hy floral dimorphism as in the Chinese primrose (Fig. 
190), in which there arc two types of flowers, so constructed that 
the points where the anther and stigma touch the insect’s body 
are exactly reversed, with the result that the pollen of one is 
likely to reach the stigma of the other. In Salvia, the sage, a 
bilabiate flower, a boc lighting on the lower lip and pushing 
into the corolla strikes the basal ends of two hinged stamens, 
which causes the anthers at the other end to swing down and 
strike the bee’s body, depositing pollen there. In older flowers 
the stigma hangs down and brushes against the bodies of entering 
bees, thus becoming dusted with the pollen they bring from other 
flowers. In Kalmia, the mountain laurel (Fig. 197), the style 
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and stigma protrude ami arc first struck In* tlie liody ol a bet?. 

The stamens are lield in |>o<-kets of t)ie coiolia uiuler tension, 
and a jar, such as is causeil by the alighting ol a b(*<*. releases 
them with a snap and tlieir pollen dusts tlie bee’s body. One 
of the arums has a “pitfall" Dower. Small ins(‘cts. often dusted 
with pollen, pass <lown the spa.dix into the enlarged lower portion 
of the spathe, where there ar(“ staminat(‘ ami pistillate flowers. 
The latter ripen first, and arc* ])ollinated by the insects. Thc^se 
are unable to escape because of a fringe of sthT hairs at t lie opening 



I’Hi. \*J7. Flowers iff tlu* loouhCdici laurel (A*a/^ta l<iti/oli/i). 'Pho fitHhors 
aro lioKl in little |x>okc*ts in the* corolla, but tho clisturliaiiec of the fl^iwer, u» b>' the 
alighting of an in&cct u|x>n it. will release the otufueud unU they will snap upwan) 
bhurpiy, thus covoriiig the inhcrl with pollen. 


of the cliamber. In a few days tlie stigma.s shrivel, tlie anthers 
open and dust the insect prison<;rs with pollen, the hairs wither, 
and the iuscjcts escape. Some of them may tlien enter j'ounger 
flowers and pollinate tlie stigmas there. In the ribbon gra.ss, 
Vcdlisneria, which grows sul>mcrscd, the pistillate flowers float 
on the surface of the wat<?r at the ends of long stalks. The 
staminatc flowers break off, rise to the surface, and float there, 
often coming into contact with pistillate flowers and cfTccting 
pollination. Most remarkable of all, perhaps, are the many 
devices for cross-pollination shown by the flowers of orchids,which 
have long excited the curiosity an<l admiration of naturalists. 
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Chromosome Reduction.—A fact of groat importance for 
an understanding of inheritance and of plant life cycles is that in 
a cell division pi’eceding the formation of both male and female 
gametes tlu‘ chromosomes do not sjilit and then sej>arate, as in 
ordinary mitosis. Instead, they liecome closely associated 
in pairs, hut the two members of each pair soon separate and 
pass to opi)osite poles. Such a reduction dirision, or mciosis, 
evi<lently results in the pos.session by each gamete of half tlie 
number of chromosomes found in the ordinary body cells. Iwo 
gametes with this haploid number unite at fertilization, and the 
double, or diploid, number characteristic of the species is restored 
and ])ersists throughout the new plant. The various chromo¬ 
somes of a cell may dilTer greatly in size and shape, but the two 
members of a pair seem to be identical, although they arc rarely 
associated except at this one stage. They are termed homologous 
chromosomes and arc believed to be similar in their genetic 
constitution. Every gamete evidently contains one member 
of each pair and thus presumably a complete representation 
of the hereditary make-u]) of the species, a fact which is of much 
imj)ortance in interpreting the phenomena of inheritance. 

The i)articular point at which the reduction division occurs 
in the life cycle varies in different groups of the plant kingdom. 
In flowering plants it immediately precedes the formation of 
pollen grains (microsj)ores) anti embryo-sac initials (megaspores, 
p. (133). Such spores are always produced in fours by two 
divisions of a sj>orc mother cell. The first of these divisions is 
ordinarily the reduction division, but the second is almost 
simultaneou.s with it. 

The occurrence of the reduction division preceding pollen- 
grain formation is shown diagrammatically in Fig. 198 which 
should be compared with that for ordinarj' mitosis in Fig. 113. 
Two homologous chromosomes become intimately associated in 
synapsis during the prophasc of the division. Each soon splits 
into two chromatids, in preparation for the second division, so 
that the nucleus contains a group of quartets, or tetrads, of 
chromatids. At ractaphase each tetrad div'ides into two pairs 
corresponding to the two homologous chromosomes which 
associated at synapsis, and these pass to the poles. At each pole 
there is thus the reduced or haploid number of pairs. A second 
division almost immediately follows in which the two members 
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of each pair pass to opposite poles, so that four groups of chromo¬ 
somes, each of the haploid number, result. Each group now 
becomes the nucleus of a pollen grain, and reduction is complete. 



Fio. 198.-—Dioin'Arn of tho reduction di>d8Jon fdving risM to u UjtrncI of )>ollon 
grains. A, a resting pollen mother celL if, prophaso of the first division, 
showing three distinct pairs of homologous chromosomes. C. these chromosomes 
have fused in pains and each chromoHorno hoa fsplit* propnrator>' to tho accond 
ditdaion. 00 that there are throe tetruda vittiblo. £>. rnetuphusc of the firnt 
division, with tho tetrode lying in the oc|iiiitorial plane. B, anaphase, the 
teira^ln aoparating into pains (each of which corre^iHind^ to one of the original 
ehroniosomca) and puaMing tow*nrd the polo.«4. two daughter colls, each with 
reduced number of (split) chromosomes. G, metaphaso of second division. //, 
anaphase of second division. /. four cells with tlio rcdticod numlKT of chromo¬ 
somes. •/, four microspores or pollen grains. (Modified from L. ir. Sharp,) 


Fertilization.—Pollination is a step toward the union of male 
and female gametes known as ferlilizalion (Fig. 199). Although 
the pollen grain is a single cell, it is not the male gamete. At 
about tho time of pollination, the nucleus of the grain divides 
into two, one of which, the lube nucleus, remains free in the 
cytoplasm (Fig. 200). The other nucleus surrounds itself \vith 
a mass of cytoplasm of its own, sometimes \\ith a separate wall, 
and is known as the generative cell. Shortly after the pollen 
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li:is roaclu'd the stigma it germinates through contact with the 
stiginatic fluid. The thick wall of the pollen grain bursts at 
one point, or “germ pore,” and out of the grain proceeds a thin- 
walled pollen tube. Near the tip of this moves the tube nucleus, 



Fio. 100.—The process of seed production in a flowering plant. Longitudinal 
diagrams of flower and fruit» the calyx and corolla solid black; the ovule, seed 
<*ont-s, and embryo clotted, and the ovary wall, style, and stigma lined. A, young 
bud, the stanieiiH and the single ovule bcfcinning to develop. B, bud ready to 
unfold. The embryo sac within the ovule is fully developed and the egg (below) 
and double endosperm nucleus (in center) ore ready for fertilisation. C, fully 
opened flower. The anthers have burst and pollination has taken place, pollen 
grains lK^i^g transferred to the stigma. Two grains have gormiiiatod, and the 
pollen tul>e from one of them has penetrated the stylo, entered iho ovary, passed 
through the micropylo of the ovule and discharged its contents—the two male 
gometes—into the embryo sac. Double fertilisation is taking place, one male 
gamete uniting with the egg and the other vriih the endosperm nucleus. D, 
ripe fruit. Sepals, petals, and stamens have dropped off; the ovary waH has hard¬ 
ened into the pericarp; the micropylo has closo<l; the integuments have become 
seed coats and the ovule has developed into the seed. The embryo, in the center 
of the seed, has grown from the fortilitod egg, and the endosperm surrounding it 
(shown in white) from the endosperm nucleus. 

followed by the generative cell (Fig. 201). This tub© grows 
down through the tissues of the style (which in some coses is 
hollow or partly so) and carries the contents of the pollen grain 
into the ovary and to the mouth of the ovule (Fig. 199, C). 
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Meanwhile the generative cell divides into 
two male nuclei, or sperms, which are tlie 
true male gametes. 

The pollen tube ordinarily has only a few 
millimeters to grow, though the distance is 
sometimes much longer. In Indian corn, 
for examj)le, it must pass through 30 to 50 
cm. of style (the “silk"). The rate of 
growth varies considerably aiul is deter¬ 
mined both by cn\ironmental factors and 
by the genetic constitution of pollen an<l 
stj'lar tissue. One of the common causes 
of apparent sterility of pollen is the very 
slow growth which the pollen tube makes. 

This is apparently d»ie to some sort of protoplasmic incompati¬ 
bility, for on the style of another plant this same pollen may 
form a fast-growing tube and effect fertilization. The direction 

of gi-owth of the pollen tube seems to 
be governed by a chemotropic stimu¬ 
lus which leads the end of the tube 
directly to the inicropyle. 

liy this time the ovide has become 
prepared for fertilization. The integ¬ 
uments are well developed, and the 
nuccllus is but a thin layer just under 
them. Occupying the whole central 
portion of the ovule is the embryo 
sac. This is a small, sap-Iilled cavity 
with three cells at each end and a 
naked nucleus, the endosperm nucleus, 
near its center. The three cells at 
the end of the sac farthest from the 
micropyle play no part in fertilization 
or seed development. Of the three 
at the microp 3 ’lar end, however, one 
is usually distinguishable by its greater 
size and constitutes the female gamete, 
or egg. The tip of the pollen tube 
enters the microj>yle and ruptures, 
and the two male gametes, ^\ith their 



Fio. 201 Gerfhin&tin|]( 
pollon of Bquaflh. Tho pollen 
f(rain htks bur^t and a pollon 
tubo Ib Bturting down through 
tho Btylo* Near tho end of 
tho tubo ia tho tubo nucleua. 
Some djatanco behind ia tho 
goncrativo cclb from which 
are lator developed tho two 
male cella« {From I. 

WeinMt^n,) 



through lufiture poU 
Ion grain of 
cartit nof ts, showi ii k 
tube iivu!eu>, two 
mule iiurh*! (formed 
b>‘ divi>iou of 
ativo iiui'liMjs) atui 
throe ]>ores. (/•Vowi 
G*. O. Voper,) 
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iu'wociated cytoplasm, are discharged into the eml>ryo sac. With 
the nucleus of the egg cell one of the male gametes now fuses 
(Fig. 199, C). This union produces ihc firlilizcd egg, ^3.nd from 
this single cell develops the entire embryo of the seed and thus 
the young plant which grows therefrom. This fertilized egg, in 
which is combined the ])rotoj)lasm of the two parents, is the sole 
direct, living link between parents and offspring; and only across 
this exccedii^gly narrow bridge are characteristics transmitted by 
inlieritance from one generation to the next. A significant. 



Viu. 202.—Chromoyonic bchuvior in llie life oyc*lc of a Howoring plant. Only 
n ninglc chroinosomo pair ift shown. Floral diagram in center, with contents of 
pollen grain in lube, and mature embryo sac. At loft, male, with four micro- 
spores and gamotopbytos. At right, feinaio. with one persistent mogasporo and 
embryo hac with eight nuclei. Double fertilization forms zygote and endo¬ 
sperm. (From iS. iSo^ina, A. F, Blakcshe. and A, O. Avery.) 


feature of fertilization is that it restores the double number of 
chromosomes which was halved at the reduction division. 

The fertilization of the egg by a male cell is not the only cell 
union which takes place at this time, for the other male nucleus 
fuses with the endosperm nucleus (Fig. 199, C), and from the cell 
thus formed the endosperm, or food-storage tissue of the seed, 
arises by numerous cell divisions. 

Fertilization effected by gametes from the same plant is 
known as self-fertilization; that by gametes from different plants, 
as cross-fertilization. 

Chromosome behavior in the life cycle of an angiosperm is 
showm diagrammatically in Fig. 202. 
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Seed Development.—After fertilization has taken place, the 
fertilized egg begins to develop into the young plant, or embryo. 
A group of actively dividing cells is carried do\%'n into the middle 
of the sac by the development of a long tier of cells, the suspensor, 
and from this terminal group, at first roughly spherical in 
form, the characteristic embryo of the mature seed begins to 
bo differentiated (Fig. 203). 

Meanwhile the ovule undergoes u series of changes as it 
develops into the seed. The whole structure grows markedly 




FlU. 203.—Dovclopiiieiit of tho embryo of Portulaca, bo^cinning %nth the 
two*cclled istago. SuM|>cni»or cells arc l>olow nnd embryo ol>ovc, which develops 
from a Hinglo ccU to u roundish ninss of cells and hiially difTerontiates cotyledons, 
hypocotyl, and other embryonic structures. (After Z). C. Cooper.) 


in size, and the integuments increase in thickness, become liard 
and woody, and close over the micropyle, which appears as a 
minute opening in the seed coat or may even be obliterated. 
The scar, or hilum, is the point at which the seed broke away from 
the stalk, or funiculus, whereby it was attached to the placenta. 
In many seeds a considerable mass of endosperm is developed, 
but in others this is much less abundant. In dicotyledonous 
plants (Fig. 384) the embryo is difTerontiated into three main 
portions: the hypocotyl, or primitive stem and root, its tip 
directed toward the micropyle; the two seed loaves, or cotyledons, 
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attaclied to the upper end of tlio hypocotyl; and the plumule, 
or bud, ins('rted between tlie eotylcdons (Fig. 204). In such 
siH'ds as those of the ])ean all the stored food is in the tissues 
of the embryo itself, particularly the cotyledons, and these con¬ 
sequently are veiy thick and liave almost entirely lost their 
loaf-like aj^pearance. In the pea they even may remain under¬ 
ground when the seedling grows. In such seeds the plumule is • 
large and soon starts vigorous growth into a foliage-bearing 
shoot. Other ])lants, of which the castor bean, morning-glory, 
and buckwheat are commonly cited examples, bear seeds in which 
most of the rc.serve foml is stored in the endosperm. As a result 
the cotyledons are relatively broad, thin, and leaf-like and may 


.PI 




Flu, 20-4.— Tlic structuro of a seed. A un<l If, j*ulo and fac*o viows of a boun 
soo<l: (' an<l D, »hIc and face vio\v.s of the einl>ryo after the seed coatH have boon 
removed; E, the two rotylcdoinj spread apart. rovoalinK the phimulo within, 
jU, micropylo. II, hilum. Cot, cotyledons. Hyp, hypocotyl. P/. plumule. 


function as foliage leaves for some time, the plumule here being 
small and slow to develop. In seeds of the squirsh and many 
other plants the cotyledons arc intermediate in type between 
these two. 

Among monocotylcdonous plants (Fig. 384) endosperm is always 
well developed, and the comparatively small embryo consists of a 
flat disk, the scutellum (which probably represents a single coty¬ 
ledon), to the face of wliich are attached an upward-pointing, 
sheathed plumule, or bud, inclosed in a sheath, or coleoptile, and a 
dowmward-pointing miniature root, or radicle, similarly inclosed 
in a coleorhiza (Fig. 205). The scutellum serves to absorb 
food from the endosperm and to transmit it to the growing 
portions of the embryo. 

The ripe seed is thus a structure in which the partially devel- 
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oped young plant, well protected and provi<le<l with an abundant 
supply of food for future growtli, is able to pass through a more 


or less extended period of dormancy. 

The Fruit.—The ripened ovary, 
together with its contents, tlie 
seeds, and with any other struc¬ 
tures intimately associated with 
these, is known as the fruit. Al¬ 
most immediately following the ac¬ 
complishment of fertilization there 
ensues a series of changes in th<* 
floral p)arts. Petals and stamens 
wither anti drop off. The ovary, 
however, begins to enlarge very 
considerably, aiul its wall thickens 
and ripens into the pericarp. The 
difference in size between ovary 
and fruit may be relatively slight, 
as in the sunflower, or very great, 
as in the watermelon. Fertiliza¬ 
tion evidently releases a stimulus 
which results in the growth of ovary 
tissues, for in the absence of the 
fertilization of its o\’ules an ovary 
will not develop into a fruit excejit 
in rather rare cases of pnrflu nocarpy. 

Fruits are various, and many 
different tjT^cs arc recognized an<l 
named (Fig. 200). In one group * 
the pericarp when ripe is dry, and 
in the other it is fleshy. The mo.st 
important of the various fruit types 
under each of these groups may 
be distinguished briefly os follows: 

Dry Fruits, a. Legume .—Fruit 
splitting open when ripe along both 
edges, or sutures, and developed 



scuKlLn 

(cctytfdon) 




jcjx'(cptile 


colcorfiim 


Fio. 205.—Lengthwise .soctioii 
through the embryo of nn oat 
aoc<l. Above, an outline of the 
aectton of the oiiiiro kernel, tshens'- 
ing position and relative siso of 
the embryo. (From O, S. Atery.) 


from a single carpel or simple ovary, os in the pea and bean. 


6. Follicle. —Like the legume except that it splits along only one 


suture, as in the milkweed. 



352 


BOTAXY: PRINCIPLES AND PROBLEMS 


c. Capsule .—Fruit splitting open when ripe but developed 
from a compound ovary, as in the lily. 

d. Achcne .—Fruit not splitting when ripe, single-seeded, with 
the seed attached to the pericarp at only one point, as in the 
sunnower, buttercup, and buckwheat. 



Fiu. 20G.—Variovis types of fruit. A, pome (apple); B, aggregate fruit, 
fleahy rccoptaclo (strawberry); C, ag^rogato fruit» fleshy pericarp (blackberry); 
D, drui>c (poach); E, legutno (pea); F, samara (maple); G, berry (tomato); 
//, capsule (Jimson weed); /» follicles (larkspur); «/, silique (the charactoristic 
fruit of tho Mustard family); K, grain (corn); L, achono (buttercup)* 


e. Caj-yop^s, or Grain .—Like the achcne except that the coat 
of the single seed is fused tightly to the pericarp. This is the 
characteristic fruit of the Grass family, which includes all the 
common grains. 
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/. Samara. —Fruit not splitting, and bearing a wing-like 
outgrowth, as in the maple “key.” 

g. Nid. —A one-seeded fruit with a very woody pericarp, as in 
the walnut. 

Fleshy Fruits, h. Berry. —The entire pericarp fleshy and 
surrounding one or more seeds, as in the grape, currant, and 
tomato. Modified types of berries are the pcpo, characteristic 
of the Squash and Melon families, in which there is a hard shell 
outside the fleshy portion; and the he.'ipcrulium, characteristic of 
the citrus fruits, where the rind is leathery. 

i. Drupe, or Stone Fruit. —A one-seeded fruit with its pericarp 
differentiated into an outer fleshy exocarp and an inner, stony 
endocarp, as in the cherry, peach, and olive. 

j. Pome. —The fleshy portion of the fruit consisting of the 
enlarged and ripened receptacle which surrounds the ovary, the 
latter forming mainly the papery “core,” as in the apple. 

Other Fruit Types.—An aggregate fruit is produced by a single 
flower which has many separate pistils. In the blackberry, 
for example, each pistil ripens into a little drupe, and the entire 
mass of them, with the receptacle to which they are attached, 
may be picked off as a unit. In the raspberry, the mass of drupe¬ 
lets separates easily from the receptacle. In the strawberry, 
each pistil ripens into an achenc, and it is the receptacle itself 
which constitutes the fleshy part of the fruit. A multiple fruit, 
on the other hand, is one which develops from the ovaries of a 
group of distinct but closely packed flowers, as in the mulberry 


and pineapple. 

Seed Dispersal.—It is obvious that to leave successful offspring 
a plant must not only develop seeds but j)rovide for their dis¬ 
persal; and in bringing this about, almost as great a variety 
of adaptive devices are employed as there are to insure cross- 
pollination. Dependence is placed upon various agencies, but 
chiefly the wind and animals. Many seeds or even entire fruits 
are light and provided with wings or tufts of long hairs, so that 
they present a large surface for the wind to catch and are often 
wafted many miles (Fig. 207). In the case of the various tumble¬ 
weeds the entire plant breaks off at the base of the stem and is 
rolled along over the ground by the wnd. Other fruits and seeds 
ilevelop hooks (Fig. 208), spines, or sticky secretions which enable 
them to adhere to the fur of animals or the feet of birds and thus 




A B 

1* liJ. 207. -Scod di.sporsal by the wind. A» ripo fruit of Iho milkweed {Asde^ 
^fias). Each eocd i^ provided with n tuft of feathery hairs, which aid in the dis¬ 
persal of the seeds by the wind. B, fruits of the cotton grass (Eriophorum), 
Each tuft in the picture is composed of a group of singlo-socded fruits, attached 
to each of which is a cluster of long, cottony hairs. 

shore plants are usually dispersed by floating on the water and 
have been known to travel thus for hundreds of miles. 

Seed Germination.—In some plants the seed may lose its power 
to grow after a few days, but in others it may remain alive for a 
surprisingly long time. This may. sometimes be more than 
fifty and in one species has apparently been more than a hundred 
years. The length of the period of viability is greatly affected by 
the environment under which the seeds are kept. 
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to be carried lor long distances. In fleshy fruits the fleshy 
portion, or pulp, is usually l)right in color (Fig. 208) and is 
reiuleix'd attractive to animals l)y its taste. Birds are par- 
ti<-ularl>’ iin}'K)rtant in the dissemination of the seeds of such 
Iriiits. In a few cases like the witch hazel the fruit splits open 
with such force tliat the seeds are projected through the air for 
a cimsidt'iable distance. Tlu*^ seeils and fruits of water and 
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In some cases seeds will fail to grow even if they are perfectl} 
viable and other conditions arc favorable. Svicii dormancy 
may he due to various factors, cliief among which are (1) liard 
and impervious S(‘ed coats wliicli prevent acce.ss of water and 
oxygen and which imisl decay or be broken before the seed will 
sf)rout and (2) the iiieomph'teness of certain cliemical clianges 
constituting the “afterripening” of the seed, whicli can be 


20H. Seed dLs|>er>ul by aiunuiU. At fl<iwcr and fruit of 

ihc burdork {Arrtutm); tho bract^H which Iho cluNtcr arc find 

hfXjktMl, and thiiM aid in the 4lis«per9(il of the fruit, At ri^ht, roti9picuoM.'< berrien 
of the bancdx?rry 

hastened by various sul)stunces, as discusstal iit a i)r<‘\i<jus 
chapt<T {p. 285). 

If the seed is ripe, liowever, the temperature sufiiciently 
high, and a i>l(‘n(ifui .supply of both water and oxygen aecessibh* 
to th(* embryo, tlie seed will germinate. Metabolism begins 
vigor(»iisly in the embiyo and in the r<>lls of the endosperm. 
Water is absorbed in large <iuantities, and the embryo swells, 
bjirsts the seed (a)at.s, sen<ls its root into the ground and its stem 
into tlic air, and becomes a seedling (Figs. 209 and 210). The 
food ston'd in endosperm or cotyledons is dig(>.st«>d, transferred to 
regions where it is to be used, and citlnT broken down in respira¬ 
tion or used for the development of new organs. It is generally 
sufficient in amount to provide for the growth of the seedling 
to a point where the latter can begin to manufacture its own food. 

In species where the cotyledons are very stout and packed 
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witli food they sometimes remain underground in germination, 
as in the pea, and only the plumule appears above the surface. 
In other cases, where the cotyledons are somewhat less thick, 
they are elevated above the ground by the elongation of the 
hypoeotyl, as in the bean, and may turn somewhat green; but 
they ultimately shrivel and drop off. In seeds with thin coty- 



Flij. 209.-“Gcrmi nation uiul seedling development. Suceesbivc stages 
from the gorndnation of a )>ean seed to the establishment of the young seedling. 
A, hypoeotyl; c, cotyledon; p, plumule and young shoot. 


ledons and abundant endosperm the cotyledons are exposed 
immediately to the light and serve as foliage, as in the castor 
bean; and in sucli cases the development of the plumule is long 
delayed. In monocotyledonous seeds, the single cotyledon 
functions cliiefly in digesting and absorbing food from the 
endosperm and remains below the ground. The plumule 
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develops vigorously, soon breaking through its enveloping 
coleoptile. 

The first stages in germination are made at the expense o> 
food stored in endosperm or cotyledons but, through the growth 
of the plumule, typical foliage leaves are developed which assure 
an independent food supply. The young plant soon outgrows 
the seedling stage and reaches maturity, at which point the cycle 
of reproduction is complete. 



Fio. 210.—Gcrnuiiation of HOed and devclopiiicnt of >ecdliiig in tobacco, n 

vinalUsioodod plant. {PromO. S. Atcry.) 


The Economic Importance of Reproductive Structures.—The 
plant organs from which the great bulk of the food supply 
of the human race is derived are those concerned with reproduc¬ 
tion. This is natural, since in such structures is stored the con¬ 
centrated nourishment used by the young plant, or foods which 
arc attractive to animals as an aid in seed dispersal. A few 
crops come from organs of vegetative reproduction, notably the 
potato, but most of them originate from the fruits and seeds which 
are part of the cycle of sexual reproduction. 

Flowers .—In most plants cultivated for beauty and ornament 
it is chiefly the flower which is the attractive portion and in this 
respect the economic importance of flowers is very high. 

In a few plants the flower itself provides a product economically 
more important for other reasons. Many of the more valuable 
perfumes are obtained by distilling fragrant oils from the blossoms. 
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Flowers of the rose, orange, lavender, violet, jasmine, carnation, 
hj'acinth, and other plants of the temperate regions, as ^Ycll as 
some from the tropics, notably the ylaug-ylang and the cliampcc 
of the east, are important sources of perfume. 

Honey, in ancient times man’s chief source of sugar and still 
an important one, is deri^■ed from the nectar secreted in flowers 
and storetl by the bees. Honey is made from a wide variety of 
plants, but clover, alfalfti, buckwheat, and the various citrus 
flowers are especially import;int. 

Some vegetable crops consist of flowers or abnormal floral 
parts. Thus in cauliflower and broccoli the part used as food 
is cluefly a huge immature flower chistcr; and in the globe arti¬ 
choke it is tlie immature heads of flowers and the fleshy bracts 
which surround them. 

The flower clusters of the hop plant are grown in large quanti¬ 
ties for use in the brewing of beer, to which beverage they add 
its characteristic bitter flavor. 

Fruits .—Plants in which the economically important portion 
is the substance of the ripened ovary itself rather than the seeds 
which it contains make important contributions to human food 
supi)ly. 

Those crops which are commoply called “fruits” are the ones 
\isually eaten in the raw state. In regions of temperate climate 
these are of \'aluc as attractive additions to the diet and as 
sources of vitamins rather than as food staples. Here belong 
the aj>ple, pear, (luincc, plum, cherry, peach, apricot, currant, 
gooseberry, blackberry, raspberrj', grape, blueberry, cranberry, 
strawberry, melon, orange, lemon, grapefruit, and olive. In 
the tropics, however, there is a great wealth of fruits, most of 
them as yei quite unknown in temperate regions, and these often 
constitute a major portion of the food of native populations. 
Among the better-knowTi ones are the citrus fruits, pawpaw, 
fig, mango, banana, plantain, date, guava, and pineapple. 

There arc a number of important fruits which are often eaten 
in cooked or pickled form rather than raw and which are generally 
treated as vegetables rather than fruits. Here belong the 
cucumber, squash, pumpkin, tomato, and eggplant of our gardens, 
the avocado or alligator pear of Central and Latin America, 
and especially the breadfruit (Fig. 211), >,\ddely grown in the 
tropics and one of the most important sources of food there. 
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One fniit, the olive, is the source of an oil which is a chief food 
of the people of the Mediterranean region and widely used 
elsewhere. 

From the latex of the unripe pods of the opium poppy is 
derived the powerful narcotic opium, which, with its <!erivatives 
morphine and codeine, is of great \alue in medicine ;ls a sedative. 
I'oo common use of the «lrug leads to perilous addiction tt) th(‘ 



Fio. The breadfruit {ArtoMrpus communis), (From .-I. F, HiU,) 


“opium habit” which is now' one of tlic major liuman problems 
in the Orient. 

One important fiber is formed by a fruit, that of lufTu (Fig. 212), 
the “vegetable sponge,” a relative of the sciuash and cucumber. 
Bundles in the pericarp become tough and form a fibrous network 
of value as a sponge* substitute, an oil filter and for other purposes. 

Seeds .—It is the seed crops, however, that form the great staple 
foods of the world. One family of plants, the grasses, here 
outranks all others and contributes to human food supply the 
three enormously important cereal crops, wheat, maize, and rice, 
as well as rye, oats, barley, sorghum, millet, and others. These 
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support a large portion of the hximan race and the domestic 
animals upon which we depend for meat, eggs, milk, and motive 
power. Wheat has long been the groat bread-making cereal of 
temperate regions, the chi(‘f footl supply of the white race. 
.Maize, originating in America, bvU now grown in many parts of 
the world, is a verv important food for domestic animals, espe- 



l-u;. 212. Sp<)UK,v tuUwork of tl»reo hiffa fruits nftov removal of outer 

fruit xvaU. 


eially hogs. It is also widely used by man, though chiefly as 
mush, cakes, or tortillas, since the absence of gluten makes it 
impossible to bake corn meal into loaves. Rice (Fig, 213), a 
tropical cereal which has to be flooded during part of its develop¬ 
ment, is perhaps the most important plant food in the world, 
since it forms the chief food supply for the hundreds of millions 
of people of China, Japan, India, and the East Indies. 

The Legume family is second in importance to the grasses and 
provides peas, beans, peanuts, lentils, and soybeans, the last 
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by far the most widely used. These arc all especially rich in 
proteins. 

Nuts are another crop the seeds of which are used for food. 
In temperate regions are found the hickory, hazel, walnut, butter¬ 
nut, pecan, beechnut, chestnut, and almond. In the tropics 
Brazil nuts and cashews are important foods and arc o.\ported in 
large (luantities. The coconut (Fig. 214), growing in the 
tropical and subtropical regions of the world, is not only one of 
the most important footl plants, but suj>plies a host of other 
products to the native populations. Copra, the dried meat of 
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the coconut, is exported in great (juantitics as a source of coconut 
oil. 

Seeds are also important in the making of beverage.s. The 
seed of the coITee plant [Coffea) is the “coITee bean" of com¬ 
merce, source of one of our most important beverages. It Ls a 
native of Africa, but is now widely grown in the warmer regions 
of the world, notably Arabia, Java, Central America, and pre¬ 
eminently Brazil. Beer and ale are browed almo.st entirely from 
barley, and whiskey and gin are distilled chiefly from the fer¬ 
mented mash of cereal grains. 

Aside from their value in nutrition, seeds are economically 
important in other ways, notaljly as sources of fibers and oils. 
Cotton, the most important agricultural product except food 
crops, comes from the fibers which cover the seed of the cotton 
plant. These are not only the basis for a huge textile industry, 
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but provide material important in the manufacture of tires, 
explosives, and various cellulose products such as rayon, cello¬ 
phane, and celhdoid. Cotton is native to both hemispheres and 
includes many types. Other plants than cotton, notably the 
kapok of the tropics, pro<luce fibers, but these are chiefly used us 
sluffiiiK material for mattresses, pillows, and furniture. 



Seeds of cotton, of flax, and of the tung-oil tree, a native of 
China, produce cottonseed, linseed, and tung oils, which are 
very important in the varnish and paint industries. Castor 
oil, from the seeds of the castor bean plants is important in 
medicine and in airplane engine lubrication. Chaulmoogra 
oil, from the tree of this name in southeastern Asia, is the source 
of a drug which cures the greatly dreaded disease of leprosy. 
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QUESTIONS FOR THOUGHT AND DISCUSSION 

659. \V}iat makes reproduction necessary' among Ii\ing things? 

660. Is asexual reproduction commoner among animals or among 
plants? Explain. 

661. Give an example (other than those mentioned in the text) of a 
plant which commonly reproduces itself asexually. 

662. \Vhat advantage is it to the potato plant to reproduce itself by 
tubers rather than by sectls? What disadvantage is there in this 
process? 

663. l\liat relation can you suggest between the stationary habit so 
characteristic of plants and their reproduction by means of flowers? 

564. What advantuge.s and disadvantages have monoecious and 
perfect-flowered plants as compared with dioecious ones? 

666. Pollen grains, particularly in wind-pollinated flowers, tend to 
have a much-roughened surface. What advantage may this confer? 

666. Asthma and hay fever have been found to be due in many 
cases to the inhalation of pollen. Nyhat tyi)es of plants arc probably 
chiefly concerned in causing these ailments? 

667. Wiy is jiollen generally spoiletl if it is wet by rain? 

668. What effect does the weather at apple-blossom time have upon 
the size of the subsequent apple crop? 

669. Do you think that the curliest seed plants were {K)llinuted by 
wind or by insects? Explain. 

670. What advantages and what disadvantages are there in wind 
pollination? 

671. Why do trees which arc wind-pollinated usually flower early in 
the spring? 

672. The flowers of most coniferoua trees are borne near the ends of 
the branches, and those of grasses are usually raised up on a tali spike. 
Explain these facts. 

673. By counting the successive layers of pollen in the peat of a peat 
bog it is possible to estimate rather accurately the age of the bog. 
Explain. 

674. What advantages and what disadvantages are there in insect 
pollination? 
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676. Why are the corollas of most flowers some other color than 
green? 

676. Why are low-growing plants almost always pollinated by 
in.sects? 

677. Why are alpine flowers usually hrilliai^t in color or otherwise 
c-onspicuous? 

678. Why are night-blooming flowers usually white? 

679. Why are low-growing an«l inconspicuous flowers often very 
fragrant? 

680. In many plants the flowers are ari'ange<l in clusters. Of what 
advantage is this to the plant? 

681. In most flower clusters the flowei's open a few at a time rather 
than all at once. Kxjjlain. 

682. Are solitary flowers usually larger or smaller than those which 
occur in clusters? Explain. 

683. Do you think that bees are attracted by the same odoi-s which 
are attractive to human beings?. Do you think that the same holds 
true for flies? Explain. 

684. Many flowei's arc so constructed as to admit bees rca<lily but 
to exclude ants. lOxpIain. 

686. In some species of plants it is difhcult to determine whether 
chromosome reduction occurs in the first or in the second <livision of the 
.spore mother cell. What do you think causes this diflieulty? 

686. There is some evidence that the character of the fruit pericarp 
may be affected by the kind of pollen used in fertilizing its ovules. 
Why is this surprising? How wouhl you explain it? 

687. How far, in your opinion, arc the following statements true? 
“The pollen tube grows down into the style 

(1) because it is positively geotropic; 

(2) in order that it may effect fertilization; 

(3) because it is guided by a chemical stimulus; 

(4) because it absorbs food from the tissues of the style.” 

688. In many plants the removal of the stamens as soon as the bud 
opens causes the flow’cr to remain in bloom longer than it would if the 
stamens were left attached. Suggest a possible mechanism for this. 
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689. What horticultural afivanta(;c5 are there in parthenocarpic 
fruits? 

690. What means of dispersjil have plants aside from the dispersal of 
their seeds? Cite examples. 

691. Other things being equal, which tj-pe of plant ^\^ll become dis- 
ixirsed more rapidly, a tree or an herb? Explain. 

692. What advantage is it to a berry-be.aring plant to have its frtiits 
brightly colored? 

693. What color prevails in unripe fruit? Explain. 

594. Why is green such an uncommon color among ripe fleshy fruits? 

695. In the case of fleshy-fruited plants, of what use to the plant are 
the sugars and other foods which occur in the fleshy portion of the fruit? 

696. The flower stalks of the dandelion elongate after the seeds are 
ripe. Explain. 

697. The flora of oceanic islands contains a high proportion of species 
in wliicli the .seeds or fruits are liglit and feathery. Explain. 

698. As a general rule, how tall are plants in which the fruit bears 
hooks or similar structures? Explain. 

699. Why does cracking or chipping the shell of a hard-shelled fruit or 
seed often hasten its germination when planted? 

600. There are very many varieties of edible fruits in the tropics 
which could readily be produced in abumlunce and brought to consumers 
in temperate regions. Why are such fruits not eaten more commonly 
here? 
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As a result of the process of reproduction described in the 

preceding; chapter, a continuous succession of new individuals 

arises. One of the most remarkable features of this reproductive 

acti\ itv is that each of these new intlividuals bears a vcrv close 
^ % 

resemblance to its parents. The offspring of wheat plants arc 
always wheat plants and nothing else; and the offspring of oak 
trees are always oaks. Furthermore, any particular kind or 
variety of wheat or of oak will produce (under proi)cr conditions) 
plants of that kind or variety. This tendency for offspring to 
display the particular characteristics which distinguish their 
parents is termed heredity. 

Heredity.—Attention already has been called to the exceed¬ 
ingly narrow physical bridge—the reproductive cells, or gametes— 
which connects one generation with the next. To its offspring 
one parent plant contributes a single male cell, and the other 
parent a single egg cell, and out of the fertilized egg arising from 
the fusion of these two gametes the new individual develops 
(Fig. 215). It is evident, therefore, that the parental charac¬ 
teristics must be transmitted in some way in the protoplasm of 
those tiny sexual cells. Anj" actual plant character (such as 
redness of flower or tallness of stem) obviously cannot be found 
in these cells; but something representing it, and capable of 
producing it in the new plant, must be there. This “something” 
—its real nature is still obscure—is called the factor, or gene, for 
the character in question. In a wheat plant, for example, the 
height and strength of the stem, the shape and texture of the 
leaf, the number of spikelets in the head, the shape, color, and 
surface of the glumes, the weight of the kernel, the character of 
the grain, the yield of seed, the resistance of the plant to cold, 
drought, and disease, together wth a host of other character¬ 
istics, have all been sho\\Ti clearly to be inlieritable. It is evident 
that in every male gamete and in every female gamete there must 
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Flo, 216.—The oorrow hercditao’ bridge. The plant at the right rcccivci’ 
from each of ita parcnta only one minute aoxual coll, a mole gainoto from one and 
a female gamete from the other. The parents, in turn, receive from each of the 
grandparents but one sexual cell. Thus the bridge which connects one generation 
with the next, and over which the entire inheritance must pass, is an exceedingly 
narrow one. The real gametes are very much smaller, both octually' and 
in proportion to the sixe of the plant, than the dots by which they are here 
represented. 
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be a factor or factors which represent each of tlicso characteristics 
and which tlius determine the particular kind of wheat plant 
wliich is to be produced. These minute particles of protoplasm, 
into which so much is packed and out of whicli so much emerges, 
are certainly among tlie most remarkable bits of matter in 
(‘xistence. 

Variation.—-Close as tlie resemblance is l>otween parent anti 
onsj)ring, however, it is almost ne\’er an exact re.semblancc. Any 



Fio. 216.—Variation in color, shape, size, and surface in the fruit of the 
summer squa.sh. All of these types may appear among the descendants of a 
.>ingic individual. 


intlividual plant or animal, if studied carefully enough, ^^’ill be 
found to differ somewhat, even though very slightly, both from 
its parents and from its fellow offspring. These differences are 
known as variations (Figs. 21G and 217), and their presence brings 
about that variability which is so characteristic of all living things. 

Laws of Inheritance.—The close attention given to the prob¬ 
lems of breeding by those who have been responsible for the 
steady improvement of domesticated animals and plants through 
the centuries has resulted in practical gains, but it has contrib¬ 
uted little to an understanding of inheritance beyond a recogni- 
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1**10. 217«—Variation in bhape. aitc, color, and pattern in the ttoeda of the cu^toi 

t>can {/iicinu9), {Prom O. E. WhiU.) 


lion of these two main facta of heredity and variation. Man long 
has known that “like begeta like” and that offspring differ among 
themselves; and he has used this knowledge in choosing the best 
individuals and breeding from them. In this way breeders have 
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made steady improvement, but this improvement has been duo 
largely to sliarp-sightcdncss in seizing upon favorable variations 
rather tlian to a fundamental understanding of inheritance which 
would enable the breeder to control the process and predict its 
results. Within the past century, however, and particularly 
within the past forty years, notable advances have been made in 
this field of knowledge, and biologists have found that there are 
indeed Inivs of iyihrntance, an understamling of which will raise 
the art of breeding fi om clever but uncertain guesswork to such a 
firm sci(‘nlific basis as that upon which chemistry and physics now 
rest. An investigation of these laws is the province of the modern 
science of gcnclics. 

Acquired Characters Are Not Inherited.—It has been learned, 
for example, that all variations do not behave alike in inheritance. 
Some are due to factors embodied in the constitution of the 
gametes and may thus be transmitted from one generation to 
the next. They are clearly inheritable and are the “raw mate- 
riar* with which the breeder may work. Other variations, and 
among them many important ones, result from the direct action ol 
t.he environment upon the ])lant body tluring its growth and appar- 
(‘iitly are never transmitted to offspring (Fig. 218). Such 
“acquired” characters are the increased size and vigor which 
result from growth in rich soil, the thick leaves developed by 
many plants when exposed to bright sunlight, the galls and other 
malformations resulting from insect or f\ingus attack, the stunt¬ 
ing effect of overcrowding, and many others. These variations 
merely affect the individual and do not reappear in the offspring 
unless the particular environment which has caused them per¬ 
sists. Acquired variations of this kind are of particular interest 
to the farmer or to anyone who is concerned with plant culture, 
since they can be controlled readily by a proper manipulation of 
the environment; but the breeder and the student of inheritance 
must learn to recognize them and to realize that they are quite 
valueless for his jmrposes. ' Good care and cultivation will bring 
out the best that there is in a poor race of plants but can never 
change a poor race into a good one. 

Mendel’s Laws of Inheritance.—It is therefore only with those 
characters which are clearly inherited that the student of genetics 
is concerned. As he studies their behavior in the passage from 
generation to generation he notices many apparent irregularities. 
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Fio. 218»— yariation duo to cnviroDmonial factoru. Plonta of the aamo 
opecico (penticna amarella) growing in (1) alpino habitat. (2a) normal shade. 
(26) dry shade. (3a) drought. (36) normal sun. {Prom Wt/iter and Clmeni$.) 
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I'he same parents will transmit iliflerent characters to their 
(liflerent ollspring. Sometimes a particular parental character 
will fail to appear in the oirspring at all. In otlier cases the 
o!Vs]U'ing will devc'lop characters possr^ssral l)y neither of its par¬ 
ents hut sometimes fouiul in a more remote ancestor. It is these 
facts which genetics is emleavoring to explain and to reduce to 
definite laws. The most notai)le of these laws, and the ones 
which constitute tlu' basis of modern understaiuling of inheritance, 



were formulated by Gregor Mendel (Fig. 210), an Austrian monk, 
as a result of experiments wlrich he hud been carrying on as an 
avocation in his monastery garden at Uiiinn since 1857. He pub¬ 
lished an account of his work in 1800, but it was ignored at the 
time, and the great importance of his conclusions was not recog¬ 
nized until 1900, when his results were brought to light again. 

In his cloister garden Mendel studied inheritance in peas, 
making hybrids between different types and studying the results 
from generation to generation. His method of attack on the 
problem differed in several important respects from that of 
previous workers. First, in his crosses between contrasting types 
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Mendel singled oat a particular character of the plant and 
followed out its behavior by itself, instead of trjing to study the 
whole complex individual at once. In this way the inheritance of 
flower color, of seed color, of seed surface, of plant height, and of 
several other characteristics of the gartlen pea were investigate<l. 
Second, he kept accurate pedigree records, making sure that 
he knew the exact ancestry of every individual plant and the 
characters displayed by each of its ancestors an<l descendants. 
This method involves much care and pains, both in making 
artilicially the particular pollinations desired and in preventing 
all pollinations by such uncontrolled agencies ;is insects and the 
wind; and the labor of keeping the records is often very great. 
Mendel’s metho<i is now almost universally adopted, however, 
by students of inheritance. Third, in each generation where 
contrasting characters appeared (both purple flowers and white 
ones in the ofrsi)ring from a single cross, for example) he carefully 
counted the number of individuals of each type and thus obtained 
a mathematical statement of the facts. In short, Mendel 
applied the true experimental inedhod to the i)roblems of heredity. 

The results d(?riv<*d by this novel and painstaking method of 
investigation were reported carefully by Mendel, and his inter¬ 
pretations thereof have come to be known as Mendel’s laws. 
Tlicse arc a scries of distinct principles, the important points of 
which will now be discussed briefly. 

Unity in Factors and Characters.—As a general result of his 
hybridization experiments, Mendel observed that the plant 
seems to behave in inheritance as though it were an aggregation 
of independent and separable characteristics, each of which is 
perfectly distinct and may exist with any combination of other 
characters in a given individual. These traits he called “unit 
characters.” It is now recognized that the expression or appear¬ 
ance of these characters may vary considerably under dilTerent 
conditions and that the real unity lies rather in the underlying 
factor than in the visible (and perhaps variable) character which 
it produces. The essential point, however, is that the organism, 
80 far as its behavior in inheritance is concerned, seems to be 
made up of distinct and independent units. Purple flower color 
in peas, for example, is such a unit and may be associated with 
either yellow or green seed color, wrinkled or smooth seed surface, 
tallness or dwarfness of vine, and so on. A skillful breeder thus 
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may combine and rearrange the characteristics of his plants 
almost at will. 

Dominance.—Mendel’s studies also brought out the fact that 
when plants which are dissimilar in a given feature (such as 
flower color, for instance) arc crossed, the two characters thus 
l)i i)ught together (.liffer markedly in ability to express themselves 
in the resulting hybrid plant. When a pure purple-flowered 
plant is crossed with a pure white-flowered one. for example, all 


Parents 



Red 


White 



Red 






Red Red Red 


Fkj. 220.—Citjbs between a pure colored^flowered and a whitc-floworod peu 
plant, Bhowng the dominance of color in the Fi* If on Fi plant is solf-fortiliiod 
the resulting F* generation is about three-fourths colored-flowered and one- 
fourth whito-flowered. 


the offspring resemble the purpte parent in their flower color. 
Such a character as purple flower color in peas Mendel therefore 
termed dominant^ and one like white flower color, which fails 
to appear in the offspring of such a cross, he called recessive 
(Fig. 220). Such characters often occur in contrasting pairs, 
which are then kno\vn as alleles, and the members are said to be 
allelic to each other. All the characters studied by Mendel 
happened to show complete or almost complete dominance or 
recessiveness, but many instances have since been found where a 
hybrid plant resembles neither parent exactly mth respect to a 
given character pair but is more or less intermediate between them 
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(Fig. 221). Such cases of the incomplete or imperfect domi¬ 
nance of one character over another in a cross are much more com¬ 
mon than those in which dominance is complete. The e.'^sential 
fact to be emphasized, however, and one that is of great practical 
import is that the appearance of a plant (or animal) does not 
necessarily indicate its ancestry or its genetic make-up. Domi¬ 
nance, partial or complete, may enable a hybricl or mongrel to 
masquerade as a pure indivi<lual. 


Parents 




Whi+e 




Pink 




Red Pink Pink White 


Ftu. 221.—Cro 0 « botwcon n rod^flowered and n whiu^flowered Miupdragon, 
Allowing absonco of doniinotice in Fi. If un Fi plant ib bclf-ferlilited the rcHult- 
ing Ft gonoration ib ono^fourth red* ono^lialf pink, and on<vfoxirth white. 


Segregation (Figs. 220 and 221).—Of much more importance 
than this fact of dominance was Mendel’s discovery of the manner 
in which characters arc transmitted to the second and later 
generations following a cross. The offspring arising from a cross 
between a plant of a purple-flowered race and one of a white- 
flowered race are, as has been said, all purple. In appearance 
they resemble rather closely the purplo-fiowercd parents, but in 
most such crosses the crossbred individuals arc often somewhat 
paler than the pure colored types. When two of these “hybrid” 
colored plants are crossed, or when one of them is self-fertilized 
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(which amounts to the same thing genetically), both purple- 
flowered and white-flowered plants appear in their offspnng. 
The actual result in the second generation, or F 2 ,* in Mendel’s 
experiment was 705 colored plants and 224 white ones, a close 
approach to a ratio of ^4 colored to ^^4 white. The larger the 
number of individuals raised in such an exi)eriment the closer 
to a simple ratio of this sort do the figures usually come. The Fa 
whitcvllowereil plants breed perfecltij true when self-fertilized, and 
purple color never ajipears in subseipient generations of their 
descendants when inbred. A part of the colored plants (approxi¬ 
mately ont‘-third of them) breed perfectly true to the purple 
color, none of their offspring, when inbred, possessing white 
flowers. The rest of the colored-flowered plants, however (about 
two-thirds of them, and thus about one-half of the total number 
of the offspring), resemble the hybrids in color and behave when 
self-fertilized (‘xactly as ditl they, producing offspring of which 
about three-fourths arc colored and onc-fourth white. These 
facts are set forth tliagrammatically, for a case where dominance 
is incomjilete, in Fig. 222. This sejiaration and sorting out of 
characters which occur in offspring of ])lants resulting from a cross 
is known as segregation. The discovery and interpretation of 
segregation were the most important contributions which Mendel 
made to our knowledge of inheritance. 

The essential character of segregation is showm in the behavior 
of contrasting factors when they exist together in a hybrid 
individual. A factor transmitted through the gametes of one 
parent and a contrasting factor transmitted through the gametes 
of the other parent come together and coexist in the cells of the 
offspring plant without blending or losing their identity; and when 
such a plant produces its oum sexual cells, in turn, the two factors 
hecorne completely separated or segregated from orie another, each 
of the new gametes containing either the one or the other but 
never both. This is ivell illustrated by the example which has 
l)oen used here. The factors for purple and for white flower 
color both must be present in the Fi, though only the purple 
expresses itself visibly in the plant. Out of this purple Fi plant, 
when self-fertilized, come some perfectly pure white plants which 
exhibit no trace of purple in their descendants and which thus 

• 'rho first generation following a cross is known technically as the Fi 
(first filial generation), the second as the Fj, the third as the Fi, and so on. 



HEREDITY ASD VARIATION 


377 



Ffo. 222«'~Tho color of tho flowers and iho character of tho guiuetes in three 
goncraiions following a cross betwoon a rcd*flowcrc<l oud a whito^flow'erod plant 
whore (os in snapdragon) tho dominanco of color is not complolo. Tho gametes 
are represented by pollen grains and ovules, the black ones carrying tho factor for 
red and the white ones that for white. In the Fi tho dominanco of rod is not com« 
pleto and the flowor is pink (shaded); but of the Fi gametes half carry rod and half 
white, and none carry pink. In tho Fa ono*fourth of iho plants aro rod^flowored and 
all their gametes carry tho factor for red; ono-half are pink*flowcrcd, with half their 
gametes carrying tho factor for red and half that for white; and ono-fourtb aro 
white-floworod, their gametes all carrying white. Tho character of tho offspring 
of these Pa tyx>oe, when selMertiliscd, is shown in the Fj genoration. 
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nrnirtt have resulted from the union of two gametes containing 
nnhj factors for wliitc. Tliore are also some pure purple plants 
which must have aiisen from gametes carrying only purple. 
ICvidently the factors for purple and white which for a generation 
ha\e been existing together in every cell of the hybrid plant 
have now (in one-half of the individuals') become completely 



Fio. 223.—Cliurl «(lio\s'tnR the behavior of the factors for flowor color in poaa 
und giving the appearance and the genotypes of parents and Fii tho gametes 
which they produce, and tho random union of Fi gametes to form the three 
classes of F 9 plants shown in the checkerboard. 

separated and have not produced the slightest effect on one 
another. 

The Genotype .—The relation between this fact of segregation 
and the actual results which are obtained in crosses is perhaps 
explained best if the factorial make-up of the plants and of 
their gametes is represented by simple letters or formulas (Fig. 
223) in somewhat the same way that Mendel did in his original 
work. Every individual in a sense is a double structure, since 
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it arises from the union of two gametes and draws half of its 
inheritance from one and half from the other. If C* represent.^ 
the factor for purple flower color and c the factor for white 
flower color, the pure purple-llowert^d parent, which rccei\’od 
the factor C from both of its parents, may therefore be repre¬ 
sented by the formula CC; and the jjure whit<Mlowered parent 
in the same way by cc. This fornnda aj)plies to e\ <*ry body cell 
of the plant. Of course it should be borne in mind that these 
symbols represent only one of the great number of factor pairs 
which are present in the constitution of the indi\idual. 

In the cell divisions just i)recetling the formation of the gametes 
there is a reduction by half in the amount of hereditary material 
contained in the nucleust and everj' gamete pr*)duce<l now <'arries 
just half of each of the factor pairs whi< h composed the parent 
plant. The gametes of the purple-flowered parent in the abovt* 
illustration would therefore all be reprcsenttul by the formula C, 
and those of the white-flowered one by c. W’Ikui t hes<* two plants 
are crossed and an egg C is fertilized by a male cell c (or vice 
versa) the genetic formula of the resulting hybrid plant is obvi¬ 
ously Cc. Since purple is almost completely dominant here, 
this plant ap-pcars purple-flowered, but in its factorial make-up 
(technically know a.s its genotype) there is a recessive factor for 
white. If dominance were absent anti the hybrid were inter¬ 
mediate in appearance—pink, perhaps—it would still be reprt>- 
sented, of course, by exactly the same genotype. When the two 
mcml>cr8 of a given factor pair are alike (as in each of the parent 
plants between which this cross was matle) the individual is said 
to be homozygous for the factor in question; when the two niem- 
bers are different (as in this ease) it is said to be heterozygous. 
Now the essence of the phenomenon of segregation lies in the fact 

gametes these 

are of two kinds, half of them carrying only C and the other half 
carrying only c. Thus, the heterozygous character of a plant 

* It is sometimes convenient to represent a dominant factor by n capital 
letter, and the recessive member of tijis factor pair by the corresponding 
small letter. Factors are often named from their reces.sive alleles, however, 
the dominant members thus being given the corresponding capital letters. 

t The chromosomes of the nucleus in all probability are the actual bodies 
in which the genetic factors arc carried, and in the redi<r/i<m division just 
preceding the production of gametes the number of chromosomes in the 
nucleus is halved (see p. 344). 


that when this heterozygous individual produces 



380 


DOTAXV: PRIXCIPLES AM) PROBLEMS 


cannot be carried by its gametes, which must be entirely one 
thing or ontirolv tlic other. he factors C and c, brought in from 
the original i)urplc and wiiito parents, have coexisted in the Fi 
plant without influencing each other in the least and have now 
sharply parted company or become segregated. 

Mctuhlian liotios .—In a cross between two of these Fi plants 
(or in the case of a self-fertilization of one of them) the occurrence 
of the ratio in the F. generation is thus easy to explain. 

Of the gametes of each Fi parent, aj^proximately half carry the 
factor C and lialf the factor c, so that in the perfectly free and 
random union which apparently takes place between these 
gametes there arc four possible combinations whicli may occur 
in the offspring iiroduced. C male cells may fertilize C eggs, 
producing CC plants; C male cells may fertilize c eggs, producing 
Cc plants; c male cells may fertilize C eggs, also producing Cc 
plants; or c male cells may fertilize c eggs, producing cc plants. 
Hach of these combinations, on the basis of pure chance, is likely 
to occur just as often as any other. Approximately one-fourth 
of the new generation, the CC plants, not only will look purple 
bvit will breed just as true for this color as did their purple- 
flowered grandparent; approximately one-half, the Cc plants, will 
also look purple (perhaps somewhat paler) but are of course 
heterozygous and when selfed or when crossed among themselves 
will behave just as did their parent, the Fi, and yield approxi¬ 
mately three-fourths colored-flowered plants and one-fourth 
white; and the final <iviarter, comprising the cc plants, will appear 
white and will breed as true to this color as did their white 
grandparent (Fig. 222). The characteristic monohybrid mc n- 
delian ratio therefore really is not^^4: M aV^l (which accurately 
states the visible result when dominance is operative); but rather 

Of course it should bo remembered that the results of actual 
breeding do not always display these ratios exactly but that they 
merely represent the probability, on the basis of pure chance, 
that a given combination wiW occur. If a coin is tossed repeat¬ 
edly, for example, it \vi\\ fall heads in about half the tosses and 
^ill come closer to the ratio of ^ heads to ^ tails the more times 
it is tossed. A knowledge of this ratio, however, gives no means 
of predicting the result in any particular case but merely of com¬ 
puting the likelihood or “betting odds” that it will occur. If 



HEREDITY AXD VARIATIOS 


381 


two coins are tossed at the same time the chance for each is one out 
of two (or I 2 ) that it will fall heads, and thus tlic chance tliat both 
fall heads is the product of the two chances, X or H: 
or, in other words, there is one clianco out of four that two heads 
will be thrown. Similarly tliere is one cliance out of four for 
two tails and two chances out of four for one head and one tail. 
If many such simultaneous tossinK^^ Are ma<le, a ratio of approxi¬ 
mately double heads, head-and-tail, and ^4 double tails 






Fto. 22t.—The results exported from tossing two coins siniultiuioously. Iti 
oritsfourth of the trials*, both i^hoiild fall heads, in ono-fourth, both tails, and in 
ono-hulf there should be one hea<l and one tail. This ilhistrates the principle 
of the Fi tncndelian ratio of 1:2:1 rcHulting from ran<lotn union of gametes, 

will result (Fig. 22 t). Similarly, if a large but ctpial number of 
red and wiiite beans arc thoroughly mixed, and successive pairs 
drawn at random, about ^ of the pairs will be both red, about 
^ red and wdiite, and about ^ both w’hite. These ratios arc 
exactly the mcndelian ones. Menders law' thus merely indicates 
W’hat may be expected on the basis of probability but does not 
make possible an accurate prediction of the character of any par¬ 
ticular individual. 

Obviously w'hen dominance is absent, the F 2 generation will not 
include simply tw'o sorts of plants, one three times as numerous 
as the other, but a third, as w’cll. A crimson snapdragon, for 
example, w'hen crossed with a white one gives a pink Fj hybrid. 
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Wlicn selfed, this protliiccs an Fj in which approximately one- 
fourth of the plants are crimson (homozygous), one-half pink 


(heterozygous), and one-fourth white (liomozygous), the F-i • 
ratio whicli lias ho(>n mentioned just above (Fig. 221). It is 
evident that pink iiere is not a true mendelian character at all, 
in the sense that it is inherited and will segregate, but that it is 
merely the expression of two factors in a heterozygous condition. 

Various tests of the correctness of the mendelian explanation of 
segregjit ion may be made, most important of which is the back- 
cross of an Fi individual on a homozygous recessive. The 
inendeliait expectation in such a cross is that half the individuals 
will be heterozygous dominant anti half recessive, the or 

1 :1, ratio; and such a result has been obtained in innumerable 
cjises. The backcros.s also provides a convenient means of dis¬ 


tinguishing liomozygous from heterozygous dominants when it is 
impossible to tell tliem apart otherwise. 

Independent Assortment.—When Mendel studied the inherit¬ 


ance of two or more factors simultaneously, he discovered the 
further important fact that segregatioit which takes place 
between the members of any one factor pair is quite independent 
of that which takes place in any other, so that in the second genera¬ 
tion from the cross all sorts of recombinations, many of them 


ciuite unlike those found in the original parents, may occur. 
Let it be assumed that a plant which is homozygous for purple 
flowers and also for smooth seeds, and which therefore may bo 
represented by tlic formula CC SS, is crossed wdth a plant 
liomozygous for white flowers and also for wrinkled seeds, cc ss. 
The formula of the Fi offspring of course would be Cc Ss and, as 
smooth seed coat is dominant over wrinkled, this plant would 
look like the purple-flowered, smooth-seeded parent. When 
gametes arc formed by this plant, half of them carry the factor 
C and half the factor c. But it is clear that every sexual cell 
must carry within itself not only the factors for flower color 
but also those for seed surface and for all other plant characters 
as well; and half of the gametes must thus carry the factor S 
and half the factor s. Now in any given sexmal cell, it seems to 
be purely a matter of chance as to whether the factor for purple 
flowers is associated wth that for smooth seeds or ^vith that for 
wrinkled seeds. The particular combination of factors which 
entere the Fi plant from each parent (purple \Ndth smooth and 
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white with wrinkled, in this case) has no effect whatever upon 
the way in which they are associated in the gametes produced by 


Parewts 


cc s$ 

(Purple,Smoo+h) 


cc ss 
(Whifc.WnnkIcd) 


Gametes 



All C5 



All cs 


(Purple, 



F, Gametes 


ics 


ZCs 

(CcSs* 

CcSs) 

^cS 


Toh)l Fj 

Plu« 226.— Diagram nhowing the appearance oriel the gouotypo of paronta, Fi. 
and Fie in a cross between o purplo-floworcd, srnooth-soe<lod pea ploJit and a 
white^flowerod, wrinkled-seeded one. 

this plant. Their asaorlment is independent. Such a plant as 
the Fi in this example will therefore produce four kinds of 
gametes in equal numbers: CS, Cs, cS, and cs. If two such 


^ f-f I i- > c I 

4 CS jCs 4 CS ^cs 
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plants arc crossed, there will be sixteen possible combinations 
among their sexual colls, for there will be four kinds of pollen 
grains and four kinds of egg cells, and union is quite at random. 
\i\y one of these combinations is as likely to occur as any other, 
and the sixte<'n types thus will tend to be equally numerous. 
Since two of these characters are dominant, the sixteen types 
will not Jill be visibly di.stinguishable, for the heterozygous plants 
will resemble the pure dominants. The parents and the Fi and 
Fs generations ai-e shown in Fig. 225. The expectation in such a 
populjition evidently is that nine-sixteenths will show both 
dominant characters (though in varying degrees of purity), 
throe-sixt(‘enths one tlominant and one recessive, three-sixteenths 
the other combination of dominant and recessive, and one- 
sixteenth l)oth rece.ssivc characters. The results of other such 
(lihyhrid crosses are, given in Figs. 22(> and 227 and show the 
characteristic ratio of The method by which 

new combinations of characters are securetl through hybridiza¬ 
tion is thus clear; but it must be remembered that many of the 
F 2 plants are heterozygous in one or both factor pairs and so 
will not breed true to their present appearance. Tlic only Fj 


indi\ iduals which will persist unchanged wlien inbred are those 
which are completely homozygous. 

A knowledge of these mendelian principles makes possible 
a much greater understanding and control of breeding results 
than could otherwise be had. Thus, if the genotype of the Uvo 
parentji is known, it is possible to predict the relative frequency 
of the various types among their offspring. Similarly, if only 
the appearance of parents and offspring is known, it is possible 
to determine from these facts the genotypes of the parents and 
often of the offspring, as well. 

Complexities of Factor Expression and Interaction.—Such, in 
brief, are the essential features of simple mendclism, the funda¬ 
mental points of which arc embodied in the principles of segrega¬ 
tion and independent assortment. The intensive research of 
the past forty years in the fields of both botany and zoology" 
has shown that conditions in many cases are not so simple as 
Mendel found them in garden peas. A single character is often 
determined by two factor pairs, or even a whole series of them, 
which may display various interactions in expression and thus 
render the inheritance of that particular trait a very complex 
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Parents 

(P|) 



’• ©H 
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Fio. 226.—Dtogram showing the appoarsneo and genotype of parents. Fi. 
and Ft. in a cross between a yellow-ecodcd. round><iecdod poa plant and a greon- 
seeded. wrinklcd-^cedod ono. 
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affair, as is the case with kernel color in corn, Rower color in 
snapdragons, and many others. Conversely, many factors affect 
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Kio. 227.—The appearance of parents, Ft, and Fj, in a cross involving fruit color 

and fruit shape in squashes. 


not merely a single character but a whole series of traits through¬ 
out the body of the organism. Thus, a factor producing pigment 
in the flower may also affect the color of the stem and the leaves. 


HEREDITY ASD VAUlAriO.\ 


387 


Certain tactors, like that for albinism {lack of chlorophyll) in 
corn, ultimately cause the death of the plant and are said to be 
lethal in their effect and may express themselves often merely 
through the nonappearance of certain classes of offspring. These 
vaiious complexities, however, have been satisfactorilj’ explained 
by amplifying and extending ^lendel’s laws of segregation and 
indei)endent assortment, which are now recognized to be among 
the most profound generalizations of biological science. 

Genetics and Breeding Methods.—Breeders ha\’e long recog¬ 
nized that the success of their efforts often depends on the 
methods they use, and a knowledge of genetic theory now makes 
it possible to understand the success or failure of various prac¬ 
tices and to interpret the experiences of breeders in general. 

Inbreeding—the union of gametes from the same individual 
or very closely related ones—is recognized as the <juickest way to 
establish a pure-broeding race, and this naturally results from 
the fact that such a method soon brings about a homozygous con¬ 
dition of the genetic factors. Too close inbreeding cannot be 
carried out with many organisms, for it results in weakness, loss 
of fertility, or other defects. This too can readily be explained 
genetically, since such defects are usually recessive and therefore 
will not express themselves unless they are in a homozygous state. 
Selection by breeders will result in rapid change of type in a much- 
hybridized race, but not in an inbred one. This follows from 
the fact that in an “impure” race there will be much segregation 
and recombination of characters, and by a choice among these 
diverse types selection will be very effective, whereas in a “ pure ” 
or homozygous population it has nothing except occasional muta¬ 
tions upon which to work. 

Hybridization or the mixing together of diverse genetic con¬ 
stitutions is also important in practical breeding, especially with 
plants, for such highly heterozygous individuals often show a 
marked degree of “hybrid vigor” or heterosis. They tend to be 
larger, faster growing, more productive, and superior in other 
respects. Such vigor cannot be established permanently in a 
stock, for it disappears after two or three generation,s of inbreed¬ 
ing. Maximum vigor is associated with a maximum degree of 
heterozygosity in the race, but what the relation is between vigor 
and hybridity is not well understood. Heterosis is of much prac¬ 
tical value as a means of increasing yield in many crop plants. 



lun Axv: riiL\cirLt:6 axd ruouLKyfs 




Fio. 2iJ8.'-Heterosis in inaixo. At right nnd left, two inbred lines. In 
center, the product of n cross between them, greatly superior in ^so and yield. 
iCourU^y of ConncdictU AgricuHural Experimeni Station,) 
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This is particularly imj)orlant in corn, '.vhere hybrid seed, grown 
from crosses between inbred lines, is widely used and has mark¬ 
edly increased product inn in this important crop ])hint during the 
past few years (Fig. 22S). 

Linkage and the Chromosome Theory.—One of the most .‘Strik¬ 
ing developments in modern geiudies has been its tliseo\’ery of the 
actual location of genetic factoi-s—now m<ire commonh’ calli^d 
genes —and the light which it has tli\is been able to throw on tlu* 
phy.sical basis of inheritance and even on the structure of proto¬ 
plasm itself. 

Many pairs of characters have been found, in both animal 
and plant species, which do not show independent assortment. 



Fio. 220,—LinkuRO of charactor.H in corn. Colored kernel is donununt ov<*r 
white nnd full over shrunken. If :i colored, full i>lant is croiy^cd with n white, 
ahrunkcfi one, and the Ft rro.sscd hack on n white, shrunken plant, u result liko 
the one here ehown is ohtained. Note that alutO:^t all the colored scotls me full, 
and the white aocfU, shrunken, the ,satnc <'oii)i>iiiu(ir»n.s oa tho.^ brought in b> 
the paront44. There are a few crossover kernels (white full, and rolorc^l shrunken) 
which are marked on the photograph. (From Jitiiehiruon.) 


with all others and which thu.s are exceptions to Mendel’s secoml 
law. In such coses two traits which occur tog(ithcr in one of the 
parents tend to stay together in subseejuent progeny instead of 
behaving as mdei>endent units. The genes responsible for such 
characters are said to be linked (Fig. 229). It has been founti 
possible in a number of organisms, notably the pomace fly 
i,Dro8ophil<i mclanogastcr) and the Indian corn, to distinguish 
groups of genes (the linkage groups) in which each memlxjr shows 
linkage with ail other memboi-s but independent assortment with 
genes in any other group. The significant fact emerges that 
the number of such groups is always the same as the number of 
pairs of chromosomes found in the species. This suggest'd tlu* 
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theory, now generally accepted, that the genes are actuallj' 
located in the chromosomes. On this theory it is easy to account 
for segregation, since chromosomes occur in pairs, one coming 
from one parent and one from the other; and the members of each 
pair separate at the reduction division before the formation of 
gametes, with the result that the gametes have only half as many 
chromosomes as tlo the body cells. Tliis behavior closely 
parallels that which the mendelian theory assumes to be trtie 
\\)v genes. It also readily explains why two genes can exist 
t()g(‘ther in the same cells for the entire life of an organism with¬ 
out mingling with or affecting each other, since the two alleles 
are in separate, though homologous, chromosomes. The location 
of genes in chromosomes has also definitely been demonstrated by 
the ])arallel behavior between genes and various structural dif¬ 
ferences in chromosomes which may sometimes be recognized 
under the microscope. 

It has been found possible to go even further than this and 
to determine the particular order and location of genes in a 
chromosome. Linked genes are very rarely completely linked 
but show a certain amount of crossing over, or breaks in the 
linkage. These are assumed to be due to an interchange of 
material between two members of a pair of homologous chromo¬ 
somes when they are intimately associated just before the reduc¬ 
tion division (Fig. 230). The frequency of breaks in the linkage, 
or crossovers, tends to be constant between any two given gene 
pairs, though this frequency may differ greatly between different 
pairs in the same linkage group. The logical assumption is then 
made that two genes between which crossing over very rarely 
takes place, and which are thus closely linked, are close together 
on the chromosome, since the chances of such genes being sepa¬ 
rated at an interchange of chromosomal material would be rela¬ 
tively slight. Similarly, genes between which there is a high 
percentage of crossing over are believed to be far apart, since they 
are more likely to become separated. When a considerable num¬ 
ber of genes in the same linkage group (the same chromosome) 
can be studied, it is thus possible to determine their order and the 
relative distances between them and thus to make a gene map of 
the chromosome, even though it is impossible to distinguish genes 
visibly. The artificial production of alterations in chromosomes, 
and thus in their constituent genes, by X rays and other means. 
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Fxo. 230.—Diagram showing the chromosome explanation of linkage and 
crouing over in corn. The histor}' of tho genes for colorod>colorlcss (C-c) 
and full-«hninkoD (5>«) and of tho chromosomes in which they ore located is 
traced through a ctom botwoon two pure types and the backcross of P\ witli a 
double recoasivo. These traits show 3.6 per cent of crossing over. {.Data from 
Hulchiruon.) 
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lias greatly increased the ability of geneticists to make analyses 
of the genetic constitution of animals and plants. 

In eertain large chromosomes like those of maize, specific and 
constant differences may be seen, such as a regular succession of 
thickenings or bands. These have been correlated, in a few cases, 
with the position of specific genes in the chromosome, so that a 


3R 2R 



Fju. 231. —PhotonucroRraph of tho ohroiuodoiiics in u salivary gland coll of 
the fruit fly, Drosophila, showing the dofinito pattern of thick and thin bands in 
each. These bands, wliich are presumably related to tho position of specific 
goiios, may be idcntific<l, and tho same pallorn is found in all flies that arc 
genetirally alike. (From Sinnoit and f5i<nn, after Kaufmann.) 

cytologieal map, comparable to the gene map and agreeing essen¬ 
tially with it, has been made. In the fruit fly, Drosophila, the 
giant chromosomes of the salivary glands (Fig. 231) show these 
specific markings especially well and provide the best material 
yet known in which to establish the actual position of genes in 
chromosomes. 

Mutation.—Aside from variations due to the en\ironment and 
others caused by the recombination of genes, there is a third 
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type, termed mutations, in which an individual clearly different 
from the rest will appear in a race where there apparently is 
notliinK in the ancestry which can explain its origin, and will 



i-io, 232.—A inutatioa in tobacco. The Stewart Cuban variety, which ia 
very tall and producer on unusually largo number of leaves per plant, originated 
as a mutation. 


transmit this new character to some or all of its offspring in 
typical mcndelian fashion (Fig. 232). Many double-flowered 
races of plants have arisen in this way, as have forms wth cut 
leaves, white flowers, dwarf habit, weeping stem.s, and many 
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similar traits. When the history of such a group of plants can be 
traced, it often is found to have begun with a single individual 
which arose by mutation from the normal raee and has trans- 



l ici. " — Mutations in vegetative cells. In rose-colored Delphinium 

llowors there are purple spots of various sizes. Those result from inutntion.s 
from rose to purple in single cells early in the dovelopmout of the flower. Largo 
areas result from early mutations, .small ones from later mutations. {From 
Ih'mcrec.) 




Fig. 234.—Cross sections of tho flower stalks from three plants of the Jiinson 
weed {Dalxira) which differed in chromosome number* A, from haploid plant 
(12 chromosomes), fi, from diploid (24 chromosomes). C* from tetraploid 
(48 chromosomes). Tho differences in stalk size arc caused almost entirely by 
difforoncos in cell size. 


mitted its character to its descendants. In some cases a mutating 
individual is strikingly different from the normal type and then is 
often called a “sport.” In others the difference is so small that 
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it can hardly be recognized. Most mutations show themselves 
in ofT.spring grown from seed and thus have evidently arisen in 
the reproductive cells themselves. Othei-s are found in single 
branches or definite portions of the plant body (Fig. 233) and, 
when they are limited to a single bud, are called hud mutations. 
All mutations agree in appearing suddenly and Iwing transmitted 
to offspring, but the ca\ise of their origin is still \’ery obscure. It. 
is sometimes possible to increase the production of mutations by 
artificial means, such as X rays. 

Mutations in the strict sense are changes in single genes. 
Som(?what similar changes are produced by an alteration in the 
number of chromosomes (Fig. 234). When the entire comple¬ 
ment is doubled (thus having four times the reduced or haploid 
number) a tetraploid individual results, which is often markedly 
stouter and larger than the normal diploid type and may breed 
true or nearly so. Hai)Ioid types have also been foun<l in a num¬ 
ber of species. Other variations arc causetl by the addition of 
single chromosome.s or groups of chromosomes to the complement, 
or to various modifications, interchanges, or losses of chromosomal 
material. 

Genetics and the Future.—The development of the science of 
genetics since the turn of the century has thus provided biologists 
with an understanding of the principles of inheritance and has 
made it possible to find in the phenomena of heredity, so long 
confusing and apparently chaotic, the operation of a few rather 
simple laws. This is proving important not only in theoretical 
science but it many practical ways. Notable among these is the 
establishment of a sound basis for improving those animals and 
plants which have been brought under domestication. Man has 
even l>egun to plan the improvement of his own species in the 
light of a better knowledge of inheritance. Genetics has also 
provided a means for evaluating more properly the roles which 
heredity and environment play in determining the character of 
living things, and thus for avoiding the extreme ideas sometimes 
put forward by those wdio lack sufficient knowledge of the biologi¬ 
cal foundations of Imman affairs. Through its discoveries as to 
the origin and inheritance of variations, genetics has also made 
possible a much clearer understanding of the method and mechan¬ 
isms of organic evolution. 

Beyond all this, an unexpected by-product of the development 
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of genetic science b\it one which lias already proved of great 
significance is the light which it has thrown on the structure and 
organization of jirotoplasni. The demonstration, based at first 
wholly on evidence from breeding experiments, that genes occur 
in chromosomes and especially that they occupy specific and con¬ 
stant positions there,has shown that chromosomes,although they 
often appear homogeneous and without visible internal structure, 
must nevertheless ha\’e a very definite organization. Evidence 
from direct ob.servation with the microscope now supports this 
conclusion, although genes themselves arc probably too small 
to l>e seen even with the higiiest magnifications. Proof that 
<-hroino.somes have an elaborate structure has led to the belief 
that protoplasm in general has a much more complex organiza¬ 
tion than was formerly iielieved to be possible. This analysis 
of the physical basis of inheritance is one of the most important 
discoveries in the history of biological science and is a notable 
example of the successfid attack on a proldem from two entirely 
(lilTerent directions. 

Most of our knowledge of the science of heredity is basetl on a 
study of the two ends of the reprotluctive process. The gametes 
and their <*onstituent genes have l>een analyzed by an observation 
of th<‘ traits whi<*h appear in the adult organism, an analysis 
which was a masterpiece of inductive reasoning. How this 
genetic mechanism in the fertilized egg actually controls develop¬ 
ment so that an ad\dt. in<lividual with specific traits is produced— 
how genes are translatetl, so to speak, into charactei's—are ques¬ 
tions about which our ignorance is still almost com])lete (p. 286). 
Around this j^roblcm converge not only the sciences of genetics 
and cytology but those of embrj'ology, physiologj', morphogene¬ 
sis, i)iochcmistry, biophysics, and indeed almost all of biolog>’. 
This is tlic field where many of t he great tt<lvances of our knowl¬ 
edge of plants and animals during the next few decades seem 
destined to occur. 


QUESTIONS FOR THOUGHT AND DISCUSSION 

601. ^Vllat is the chief practical importance of discovering laws of 
inheritance? 

602. Do you think that gametes are genetically different from ordi¬ 
nary body cells? Explain. 
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603. In studies of inlieritance in the summer squash it has been foimcl 

that white fruit oolor is dominant over yellow and that the difference 
between the.se two colors is due to a single factor. If a plant homozy¬ 
gous for white is crossed with a plant homozygous for yellow fruit color, 
what will be the appearance of the Fi generation? Of the F. generation 
<lerived by self-fertilizing one of these Fi plants? Wh.at proj>ortion of 
the white-fruited plants will brce<l true if self-fertilized? • 

604. What will be the fruit color of the plant.s produce<l by crossing 
one of the Ft indi\’idual.s, mentioned in Question 603, with its yellow- 
fruiter! parent? With its white-fruited parent? 

605. I>et the factor for white fruit color in the squash be representetl 
by ir and that for j'ellow by u*. What kind of gametes, so far as their 
factors for fruit color arc concerned, will be produced by plants having 
the following genotypes: U’lF, IFu*, u’u’? 

606. What gametes will be jiroduced by the plants involved in the 
four following crosses; and what will be the fruit color of the offspring 
from each cross? 

\Vw X tpw; trie X WW; TTW X »V: Ww X IFic 

607. A wliite-fruiterl .Hr|uash plant when cros.scd with u yellow-fruiter! 
one produces offspring about half of which are white and half yellow in 
fruit color. What are the genotypes of the parent jilants? 

608. If the white-fruited parent plant in the jireceding questirm is self- 
fertilized what will be the fruit color of its offspring? 

609. If this same whitc-fruiterl parent is crosserl with one of its white- 
fruited ofTspring mentioned in Question 607 what chance is there of 
obtaining from this cro.ss a yellow-fruited plant? 

610. Two white-fruited squash plants when crossed prorluce about 
three-fourths wliite and oiic-fourth yellow off.spring. What are the 
genotyiKJS of these two parents, as to fruit color? What will each 
produce if crossed with a yellow-fruited plant? 

611. A cross between a white-fruited and a yellow-fruited squash 
plant produces ofTspring all of which have white fruits. If two of these 
Fi plants are crossed together what will be the fruit color of their 
ofTspring? 

Note. —In four-o’clock flowers red flower color is incompletely domi¬ 
nant over white, the hybrids being pink-flow’ered. 

612. If a red-flowered four-o’clock plant is crossed wdth a white- 
flowered one what will be the flower color of the Fi? Of the Fa? Of the 
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F, crossed back on the red-flowered parent? Of the F, crossed back on 
the white-flowered parent? 

613. In four-o’clock flowers let R represent the factor for red flower 
color and r the factor for white. What will be the flower color of the 
offspi iiiK from the following four crosses, in which the parents’ genotypes 
aic given? 

Rr X RR\ rr X Rr-, RH X rr; /?r X Rr 

614. If you wanted to produce four-o’clock seed all of which woukl 
yield pink-flowered plants when sown, how would j'ou do it? 

616. In what respect is a chaj'acter which behaves like flower color in 
four-o’clocks easier to deal with in breeding work than one which behaves 
like fruit color in sciuashes? 

616. How could you <letermine whether a plant possessing a given 
dominant character is homozygous or heterozygous for it? 

PnJote.—I n the inheritance of fiuit shape in summer squash it has 
been found that the “disk” type is dominant over the “sphere” type 
(see Fig. 227). 

617. In a cross between a squash plant homozygous for yellow fruit 
color and disk fruit shape and a plant homozygous for white fruit color 
and sphere fruit shape what will be the color anti shape of the fniit iii the 
Fi? What will these be in the F 2 protluccd by crossing two of these Fi 
plants together? 

• 

618. If one of the Fi plants in the preceding question is crossed back 
on its yellow-disk parent, what will be the color and shape of fruit in their 
offspring? 

619. Let D represent the factor for disk fruit shape and d the factor for 
si)here. What will be the color and shape of fruit in offspring of the 
following crosses: 

WWad-KwioDD WwDdX^ytvdd 

WwDD X trwdd WwDd X wwdd 

WivDd X WwDD WwDd X WwDd 

Note. —In the following six questions, all of which deal with fruit 
color and shape in the summer squash, the appearance of parents and 
offspring is stated. Determine in each case the'genotypes of the parenle: 

620. White disk crossed with yellow sphere giving one-half white disk 
and one-half white sphere. 
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621. White sphere crossed with white sphere giving tlirce-fourths 
white sphere and one-fourth j'ellow sphere. 

622. White disk crossed with yellow sphere giving one-fourth white 
disk, one-fourth white sphere, one-fourth yellow <iisk, am! one-fourth 
yellow sphere. 

623. White disk cros.sed with wliite sphere giving three-eighths white 
disk, three-eighths white sphere, one-eiglith yellow disk, and one-eighth 
yellow sphere. 

624- Yellow disk crossed with white sphere giving all white di.sks. 

626. White disk cros.sed with white disk giving 28 white-disk plants, 
9 white-sphere plants, 10 yellow-disk plants, and 3 yellow-sphere plants. 

626. A cross between a plant with white-disk fruits and one with 
yellow-sphere fruits gives 25 plants with white-<ii.sk fruits, 26 with white- 
sphere, 24 w’ith yellow-<lisk, and 25 with yellow-sphere. If the white- 
disk parent is self-fertilized, what proportion of its olTspring will have 
yellow-<lisk fruits? 

627. Kxplain how it can be that plants which look exactly ahke may 
breed very differently. 

628. How will the F* from a cross involving two linketl genes lie dif¬ 
ferent from what it would be if the genes show’cd independent assortment ^ 

629. Of what practical value may it be to know the locution of a gene 
in a chromosome? 

630. How far, in your opinion, arc the following statements true? 
“Genes are l>elieved to be located within chromosomes because 

(1) the number of chromosomes is constant; 

(2) the chromosomes split evenly at mitosis; 

(3) there are as many linked groJips of genes as there are pairs 

of chromosomes; 

(4) chromosomes and genes occur in pairs; 

(5) genes can bo seen in chromosomes.” 

631. In many dioecious plants there is recognizable a pair of sex 
chromosomes, just as in animals, by which presumably the sex of an 
individual is determined. In many other dioecious planU, however, 
such sex chromosomes cannot be seen. What do you think is the 
mechanism of sex determination in these latter tyi)e8? 

632. Haploid plants almost always fail to produce normal gametes. 
Explain. 
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633. Some characters are always determined by the fenudc parent 
(“maternal” inheritance). How can you account for such cases? 

634. Hybrid animals and plants notoriously fail to breed tnie. 
I'xplain. 

636. Why d<jos “hybrid \af|;or'’ disappear after a few generations of 
inl)re{‘ding? 

636. If a potato breeder ilesires to obtain a new variety of potatoes 1 j\' 
selection from among a large number of j)lants, would you advise him to 
plant i)ot!ito “seed” (pieces of tlie tuber) or real seed from the seed 
I'.jpsule, to provide plants from which he may select? Kxjjlain. 

637. Which wouhl be easier to establish by selection, a strain breeding 
true to a dominant character or one breeding true to a recessive diame¬ 
ter? Why? 

638. Many plants are naturally self-fertilized and thus are closely 
“inbred” and are almo.st completely homozygous. Whj' do they not 
show the harmful effects of inbreeding cviilent in normally cross-fer- 
tilize<l plants? 

639. In such cultivated plants as the apple, where individuals in a 
given variety are propagated by vegetative means such as budding and 
grafting, will buds from ti high-yielding and superior tree produce better 
offspring than those from an inferior tree? Explain. 



CHAPTER XIII 


PLANT EVOLUTION 

Among all organisms which can bo watched carefully, new 
variations are continually appearing and being inherited. This 
fact at once suggests that living things arc not constant and 
changeless in their characteristics but that they maj' undergo 
a certain degree of permanent modiheation as the generations 
succeed each other. A study of the remarkable development of 
domestic plants and animals, since man fii-st began to utilize 
them and to improve them by selection, shows the possibilities 
of change which exist among organisms. The ditYerence between 
the small, sour prototype of the apple, for instance, and the 
modern large and delicious varieties is so great that one can 
hardly recognize the relationship between the two. In fact, 
many cultivated forms have progressed so far under human 
guidance that it is not known what their wild ancestors really 
were. 

Since the days of the Greeks, philosophers have often specu¬ 
lated as to the possibility that tho whole organic world—plants, 
animals, and man—luis reached its present state through a 
gradual evolution from far simpler forms, perhaps ultimately 
from inorganic matter. It is only within the past century, how¬ 
ever, that the subject of evolution has descended from these 
clouds of speculation and lx:come a problem for scientific study. 
Little by little, evidence has been gathered that progressive 
cliange has actually taken place and that the plants and animals 
which now exist dilTcr radically from their ancestors in past ages, 
having accumulated changes gra<lually with the years and leav¬ 
ing many forms extinct along the way. As to just how this has 
been accomplished biologists arc still far from agreed; but as to 
thc/oc^ of evolution there now is no doubt in the minds of scienti¬ 
fic men. An insistence that every species was specially and 
suddenly created in tho form which it now displays has given way 
to tho conception of the world os tho theater of a slow but steady 
progress from lower to higher types of life. 
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Evidences for Evolution.—The lines of evidence on which the 
belief in evolution is based are various and will be discussed 
briefly here. 

Gcoloijical Evidence .—Probably of most importance is the 
<*xisteneo of fossih, tlie actual remains or impressions left in the 
rocks l)y ancient i)lants and animals, caught and embedded in the 
sand or mud millions of years ago (Fig. 235). Fossils do not occur 
indiscriminately, but similar types appear in rock layers which 


I'la. 235.- Fossil tree trtiitks in tho Petrified Forest, Arizona. {Photo by Henry 

O. Pe<xbody.) 

are known, from their position, to be of about the same age. 
Geologists are able to assign each rock layer, or stratum, to its 
particular level in the great series which records geological history 
trom a very remote past to the present, and as one passes upward 
through this series, from the most ancient rocks to the most 
recent ones, he finds that the fossil remains undergo progressive 
change, older types becoming extinct and newer ones appearing; 
and that as modern times are approached, the prototypes of 
familiar plants and animals begin to come into view (Figs. 236 
and 237), until in recent deposits there occur as fossils species 
which still exist. There are enormous gaps in this record, but the 
advance of geological science is slowly filling them in, and even 




PLANT EVOLUTION 


408 


now a glimpse may be caught of the main scenes in the pageant of 
evolutionary progress. Among the members of the plant king¬ 
dom it is possible to witness the rise, luxuriance, and extinction of 
several great groups; to trace the development of vascular plants 
from lowly forms; and to recognize approximately the point at 
which the angiosperms first appeared upon the earth. Just how 
these successive groups were related in descent is, in some cases, 
not altogether certain and must await further discoveries, but as 
to the main fact of progressive evolutionary advance in the char¬ 
acter of the plant types there can be lio doubt. No other evi- 



Fio. 230.— A, leaf of a fossil species of the Judos tree iCerei*). frotn the Eocene 
of Tennessee. B, leaf of a living species, Cerda canadcnsiM, now grovs^iiK through* 
out the eastern United Staten# The two tfpccied are similar to each other hut aro 
clearly distinct# Our living s[>ecius has probably been evolved from an nneoHtor 
much like the fossil one here shown# (After Derry,) 

dence for evolution is quite so convincing as are these tangible 
remains of extinct organisms. 

The table on page 405 presents a compact description of the 
important changes in plant and animal life from the earliest geolog¬ 
ical periods to the present and shows the progressively increasing 
complexity of organic types during the history of the earth. It 
may also bo consulted in connection with later chapters in which 
the evolution of particular groups is discussed. 

Taxonomic Evidence .—The general character and classification 
of the plant and animal kingdoms also bear testimony that their 
present state is the result of descent, wth progressive modifica- 
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tion, from earlier tj'pes. A study of the external and internal 
structure of living things makes it clear that they are not hap¬ 
hazard and random in their characteristics but that they fall 
into \vell-marke<l (jroups: of similar forms, the members of which 
show definite rescml>lances to each other. All similar individuals 



Fio. 237.—Fossil leaves from iho Upper Cretaceous. A, inasnolia; li, 
eucalyptus; C, wilow; />, porsitnmon; E, camphor tree; sa^afras; G, tulip 
tree. The genera to which these planta belonged arc atill exiatent but the species 
have become quite different. {After Newberry.) 


are classed together as a species. A number of species resemble 
one another so much, and are usually so different from anything 
else, that they are placed together as a genus. A number of 
genera, in the same way, stand apart as a family. Families are 
united into orders, orders into classes, and so on. It is possible 
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TnK Fossil Record of Plant and ANiiiAL Evolution 


M&jor clA\'iaioQ« 

Periods 

Dominant tyjie# and impbrtunt eventn 

Quaternary 

Recent 

Ri^c of ntan 

Pleu^toccrio 

PeriotJic alariation 

Kalinrtion of many plants and of the ^reat marnmaU 

Tertiary 

4 

Pliocene 

Cliniatee increasingly cooler, with (emigrate tones 
apl^earivig 

P'voliition of herbaceous plan fa 

Jvliocenc 

Climatic cKangc.s. with extensive redistribution of 
t>)nnO< 

lliglHT inainrnabf dominant 

' Oligf>ccne 

1 

World'widc tropical forests of angti>s|»erms 

Rise of tiic higher maiuinals 

\ liocene 

Abundance of modern dowering plants 

ExteriAive forcata 

Menoxoic 

U|i|>cr Crvto- 

COOUA 

Angioti|>onna abundant, with it^*fnnowtK*rrioi Icavi eom« 
niou 

Hine of primitive manimnbi 

Middle Creta* ; 
ceoua 

Rapid evolution of angioB)X'rrnB, with ruo^lcrn ty|*i‘^ 
api>canni^ 

Great reptiles becoming extinct 

Lower (VolA- 

cen«ia 

AngickH|K*riim frcHtuent but gymnr>si>crinA Btill dominoni 

JuruAaic 

Coriifera and cycads doiiunant 

Pirwt-known aiigj<^|K*rnis 

Riae of dying reptiles ami birds 

1 TriaAsic 

Plant life not abundant 

GytniMM|M.*rnLn common 

Kaae of giant reptiles 

Latn Paleoaoie 

Perniian 

1 

Frequent glaciation 

Decline of dominant early grouiM 

Ftmt cvca<U and coniferw 

HLhc of land vertebratew ati<l insects 

C a r bon U e r o UH 

1 

Swrainp forontii of the Coal Age eoauiUttng chiefly of 
lepidfKioridriii*. calotnitcs» cordaitea, cycud ferns, and 
frriui 

Prtinitivo reptiles and iruecta 

Middle Paleoioic 

Devonian 

First wellKfevclopcd land flora 

Psilophy tales, pntiiiiave lycoiKxis, hurweialls, and ferns; 

and early gyriiiiurt|K*rtiui abundant 

Rue of onipbibians 

1 Silurian 

Many large fooeil algito 

A few foosiU of early land plants 

Higher abundant 

Karly Palooaoic 

Ordo%*iciari 

FoesU algae abundant 

Fimt vertebrate fowoils (Gah«) 

^lally coraU 

1 

Cambrian 

Foosil algae 

Abundant fossil invertebrate animals* uspocially 
tiilobiUw 

Prot^rosoic 

1 

Carl/ ae<iinicntary rocks 

Caibcet f<»sU algae 

Firwt animal foesiUj worms, crustaceans, brachiopMis. 
and other mar in o foruu 

Arcbooscio 

1 

Kocks mostly igneous or metamorphosed; fewr sedi¬ 
mentary 

Fossils unknown 

All orgaaiscDS probably unicellular or ver>' simple 
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to understand this grouping of similar species and their union 
into progressively larger aggregations if the organic world is 
regarded as a hug(‘ “genealogical tree,” its members related to 
one anotluM*—some nearly, some remotely—by ties of descent, 
the “twigs” representing species, which unite into larger and 
larger branches as they are tra(*ed back to the main trunk. It 
is assumed, for example, that all the various species of rose, 
whicli stand ajjart as a definite group or genus, have descended 
from a common rose ancestiy, perhaps a single indi^’idual; that 
the roses, apples, blackberries, spiraeas, and other rosaceous 
plants, which today form a definite family, have all had a com¬ 
mon ancestor, the remote progenitor of the Rose family as a 
whole; and so on to the larger and larger aggregations. The 
fact that organisms occur in groups subordinate to groups, and 
can thus be classified readily, makes possible the science of 
taxonomy and is very difficult to explain except on the theor>' of 
evolutionary descent with progressi\’e modification. 

Morphological Evidence .—Equally significant are certain facts 
which morphologj' presents. Characteristic similarities in type 
of leaf venation, relation of floral parts to one another, size and 
shape of wood rays, and many other morphological traits often 
occur throughout whole families or even larger groups. The 
butterfly-like, or papilionaceous, flower in the Legume family and 
the characteristic pitch canals in the wood of the pine and its 
allies may bo cited as examples. Such traits ser\'e to, distinguish 
one group from another and are therefore useful in taxonomy, 
but it is very hard to explain this restricted distribution which 
they display unless one assumes that all the members of a group 
which shows such a character have descended from a common 
ancestor in which the trait first made its appearance. 

Furthermore, many organs exist today in a state evidently 
useless to the plant or animal possessing them, and for these it 
is hard to account unless they are looked upon as vestiges or 
remnants of structures which once had a use but have lost it 
during the course of evolution. Vestigial stamens, petals, sepals, 
stipules, and leaf blades, as well as various functionless internal 
structures, are of frequent occurrence in plants, and there are 
many similar instances in the animal kingdom. Their presence 
can be explained only on the assumption that they once were well 
developed and functional but that evolutionaiy progress, which 
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makes them necessarj' no longer, has resulted in their gradual 
degeneration. 

Embryological Evidence .—There are many facts presented by 
a study of embn,'olog>", particularly among animals, which can 
best be ejcplained on the assumption that evolutionary change 



¥io^ 23S.—Pomistcnco of primitive charoctem in iho doodliiiig. A young 
plant of AeaHat in wliich the firat few loaves have piiinatoly coinf>ouiid blades, 
os in most of tho near relatives of tius genus, but in which all later loaves are 
reduced to phylJodos (flattened |>otio]cs). Tho posscMtdon of leaf blades is doubts 
less the ancestral conation* (A/fer VeUfiovMky.) 

has taken place, for the developing individual often posses 
through a rather complex embryonic history which seems to 
repeat, at least partially, the adult traits of lower and presumably 
more ancient forms. This is usually explained as a repetition, 
in very condensed form, of the evolutionary history of the race*. 
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The rather simple embryonic development of most plants 
fails to reveal many cases of this sort, but it often happens that 
seedlings do show traits which disappear in the adult b\it pre¬ 
sumably were present in the ancestry of the species. Thus, 
seedling cacti possess leaves, although these are absent from 
mature plants. A particularly good example of seedling “reca¬ 
pitulation” is furnished by the genus Acaf^ia, a member of the 
Legume family. Manj' of its species, like most of its close 
relatives, have typical compound leaves. In other species the 
leaves of the adult plants have been reduced to flattened petioles, 
or phrjUodcs. In the first few seedling leaves of such species, 
however, the typical foliage leaves, thus presumably the ancestral 
condition, have persisted (Fig. 238). In eucalyptus trees the 
leaves show the unusual trait of hanging vertically from the 
branches, but the first leaves of seedling trees are horizontal, as 
they are in other members of this family and as they doubtless 
were in the ancestors of cviculyptus. Such facts as this can be 
readily explained on an evolutionary hypothesis but arc often 
hard to account for otherwise. 

Evidence froyn Geographical Distribution .—Impressive evidence 
in favor of evolution is presented by the facts of geographical 
distribution. Most plant species, in their wild state, arc not 
widely dispersed over the earth’s surface, or even over that 
part of it in which conditions are well suited for their growd-h. 
The goldenrods, for example, are practically confined to North 
America, the eucalypts to Australia, the tobaccos to the Western 
Hemisphere, and so on. Such localized distribution can well be 
explained only on the assumption that these plants actually were 
evolved in the regions which they now inhabit and have been 
confined there ever since by barriers of various sorts. The dis¬ 
tribution of the four closely related species of the coastal-plain 
genus Sabalia (Fig. 239), which is mapped in Fig. 240, is an excel¬ 
lent example of this sort of geographical evidence. These species 
now occupy almost a continuous area from Florida to Nova 
Scotia, but their ranges overlap hardly at all. Such a distribu¬ 
tion can be understood most easily on the hypothesis that all 
four have descended from an ancestor which occupied much or all 
of the present range of the group and that through the appear¬ 
ance of local varieties adapted to particular local conditions, and 
the gradually increasing differences between these varieties, the 
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original species finally lost its identity and became divided into 
four new but closely related species. 

An earlier stage in such an evolutionarj' process is shown h>’ 
Gaylussacia dumosa and its variety Bigcloviana (Fig. 241). The 



Kio. 230.—Three of the four species of Sabalia the distribution of which is 
niappod in Fig. 240. They arc quit4> dUtinct from ono another. 1-3, Snbotia 
Kmnedyana; 4 and 6, 8. dodecandra; ^-8, 5. <Ucandra. iFrom 3/. L. FerruUd.) 

former ranges from New York south to the Gulf, the latter from 
New Jersey to Novfoundland. This group is still relatively 
uniform, the difference between its two components not yet 
having become sufficiently marked so that taxonomists are willing 
to call them distinct species. It is easy to see, however, that the 
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northorn form and the southern one, largely isolated from each 
other and growing under ditTcrent conditions, are likely in the not 
\’ei‘y remote future (geologically speaking) to attain a degree of 
distinctness equal to that now shown by the species of Sabatia. 
C'ases like this seem to be examples of species actually in the 



V\Q. 240. —The distribution of four closely related species belonging to the 
same genus (5a6a/ia, section Pleiefiin), 1, Sabaiia decandra. 2, 5. /o/iosa. 
3, iS* Hodecandra. 4, 5. Kenntdyana, These four very similar but readily 
distinguishable species hove presumobly all evolved from a common ancestor^ 
which once grew on the coastal plain of southoastern North America. {Data from 
M. L. Fernald.) 

making. As to the causes which lie behind such changes there 
are differences of opinion, but that the changes are occurring 
seems open to little doubt. The same phenomena occur repeat¬ 
edly throughout the animal kingdom, and it is certain that the 
great mass of facts at hand as to the geographical distribution 
of organisms would largely be unexplainable except for the belief 
that each species, genus, and family of plants and animals has 
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had its place of origin from ancestral forms and its own individual 
evolutionary historj'. 

Experimental Evidences .—The most convincing evidence that 
cv'olutionary change is taking place would, of cotirse, bo the actual 



Fro. 241 •—Thu du^tribution of GnytuMsacui dumoM (Uiiod) And it» variety 
iiiijclotiana (doited). The a|>ociott is cluiracteristically southern, tho variety 
northern. In New Jersey and adjaront Pennsylvania, whore their rani^os over* 
lap, tho variety inorffes into tho species, but in tho rest of its ruugo it is quite 
distinct. Hero oro evidently two groups of plants, within a singlo spocios, 
which occupy different regions and which have diverged from one another almost 
far enough to be regarded as two distinct species. {Data from L. Pcrnald.) 

observation of the origin of new types of living things in nature, 
but the process seems to be such a slow one, and the time since 
careful observations began to bo made is relatively so short, that 
information of much value has been difficult to obtain in this way. 
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Experimental studios upon plants and animals, however, and par¬ 
ticularly investigations dealing with variations and their inherit¬ 
ance, have given strong support to the theory by making it clear 
that li^'ing things are not fixed and unchangeable in type and by 
indicating how readily evolutionary change might take i)lace 
among them. 

In the preceding chapter it has been shown that variations 
(aside from those caused by the environment) may arise cither 
through the recombination of mendelian factors or by mutations; 
and that these variations arc inherited according to definite 
laws. In species which have been longest under laboratory 
observation, huntlreds of mutations have been observed, and in a 
few cases this change has progressed so far that forms have 
resulted which, to all intents and purposes, are actually new 
species and would certainly be so considered if found in nature. 
It is with the method rather than the accepted fact of evolution, 
however, tliat these studies in experimental evolution are chiefly 
concerned. 

The Method of Evolution.—Because of such evidence as has 
been presented here, the scientific world has become convinced 
that evolutionary change actually has occurred an<l that the 
familiar plants and animals of today are the most recent membei's 
of innumerable lines of descent, reaching back for millions of years 
and embracing a multitude of ancestral forms long since extinct 
and differing from anything now alive. 

An admission of the fact of evolution at once raises two 
difficult questions, however: Whence came the first living thing, 
the original ancestor of all which have since evolved; and what 
has been the cause of this steady and long-continued evolutionary 
progress? The first question involves the origin of life, about 
which one frankly must admit that man’s ignorance is still 
complete. The second, which relates to the cause and method of 
evolution, is more nearly answerable and has been the subject of 
intense interest and close study for more than a century. Indeed, 
it was an inability to explain why and how evolution might 
have taken place that for so long prevented a general acceptance 
of the belief that it really had occurred at all. Although much 
progress has been made in this field of inquiry, biologists are 
still far from a complete and convincing solution of the many 
problems which the study of evolution has raised. 



I'LAST I£VOLrTI().\ 


41 :i 


Evolutionary change itself is by no means the only problem. 
These changes have produced plants and animals beautifully 
adapted to the en\ ironment in which they li\'e, and the means 
by which these adaptations arise is still not clearly understood. 
Furthermore, the dilTerent types of organisms do not form a con¬ 
tinuous series, with intc'rmediate forms or “connecting links ” 
between them, but occur in definite and rather sharply separated 
groups called specie.s. genera, and families. IIow these distinct 



groups have arisen, whether there ever were intermediate types 
between tliem, and if so whatever became of these are problems 
pot yet entirely solved. Darwin well understood that the origin 
of sppcicH must be explained as well as the main fact of evolution. 

Lamarck’s Theory. The Environment.—The first modern 
theory' which attempted to explain evolution was put forward 
by the great French biologist Lamarck (Fig. 242) about 1809. 
lie was mucli impressed by the profound effect which the environ¬ 
ment produces and noted many instances of its operation, such as 
the vigor and luxuriance of plants growing in rich soil as con¬ 
trasted wth their stunted growth where the soil is poor. In 
the cases of several “amphibious” species he observed that leaves 
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proclucocl when the plant is gjowing under water are very differ- 
(Mit from those Tormed in the air (Fig. 14-1). He also saw the great 
slructnral elianges which are brought about, in animals, by the 
use or the tlisuse of an organ. Lamarck believo{l that organisms 
possess the natural ability to adapt themselves advantageously to 
tlieir em-ironment and to modify their structures and functions 
in such a way that success under changing external conditions will 
be attained. He never questioned that all the variations which 
he noted were transmitted directly to the offspring by heredity, 
and he thus pictured the races of plants and animals as being 
pushed along the evolutionary road by environmental forces. 

Lamarck’s explanation, aUho\igh very attractive and plausible 
in certain respects, has never won wide acceptance. Biologists 
as a rule have not been willing to admit that an organism has any 
innate ability to guide its reactions into a favorable course. 
The theory has suffered still more from the absence, after inten¬ 
sive search, of any very conclusive evidence that “acc|uired” 
characters, such as those produced by the environment, are ever 
inherited. There are a few biologists today who l>elieve that in 
certain of its features Lamarck’s theory comes nearer to explain¬ 
ing the true method of evolution than does any other yet sug¬ 
gested, but as a whole it receives little support. 

Darwin’s Theory. Natural Selection.—The most notable 
attempt to solve the riddle of evolution is the theory of natural 
selection put forward in 1859 by Charles Darwin (Fig. 4) in 
“The Origin of Species,” a book which has had a very great 
influence on all human thinking. The effect of this theory in 
rendering the wliole process of evolution plausible and under¬ 
standable was the chief factor in convincing scientific men of the 
truth of the evolutionary theory in general; and whatever one 
may think today of the merits of some of Darwin’s hypotheses, 
it must be recognized that the thoroughness of his scientific work 
and its revolutionary effect on all lines of biological thought entitle 
him to rank as the greatest exponent of evolution. 

As a young man just out of Cambridge University he spent 
several years in distant parts of the earth, particularly South 
America and Australasia, as naturalist on a British warship which 
was making a survey of these regions. Darwin observed the 
relationship between the fossil and the living animals found in 
South America, and was particularly impressed with the fact that 
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the plants and animals of the Galapajios Islands were \'ory similar 
to those of the mainland a lew hundred miles awav. hut were yet 
in most eases just a little dilTerent. Such ol>s<u vat ions convinced 
him that living things had been sh)\\iv changing during geological 
time, and in the next twenty-five years he collected much evi¬ 
dence bearing on this problem of evolution. Darwin studied 
variations and their inlieritance by experiments of his own \Wth 
pigeons. The great changes produced by man in domestic ani¬ 
mals and plants through sel(?ction of superioi* strains tor breeding 
suggested the part selection might play in changing the efiaracter 
of living things. The idea of how this might take j>lac(‘ came to 
him from Heading the theories of Malthus, an ecoiiomist, who 
helievotl that since the Iniinan species tends to increase fastor than 
does its food supply, its numbers must be kept down by the 
periodic occurrence of famine, pestilence, and war. Darwin saw 
that plants and animals, even more than man. have an over¬ 
production of offspring. Dy bringing ail thes<* ideas together. lie 
developed a theory to explain the method of evolution. 

This theory is liased upon three main facts. First, variations 
are constantly occurring and are inherited. Second, organisms 
produce far more offspring than can grow to maturity, and among 
them there must be an intense competition for surxival (the 
“struggle for existence"). Finally, those individuals which have 
favorable variations and are therefore successful in this compe¬ 
tition, liv'e and transmit these variations to their offspring (the 
“survival of the fittest”). Nature thus has a selective action 
somewhat comparable to that exercised by a breeiler, and organ¬ 
isms as a result of this “natural ” selection have change<l in some¬ 
what the same way that domestic animals and plants have become 
modified through artificial selection. 

Darwin was impre.ssed with the widespread o<*currence of varia¬ 
tions in all animals and plants, but he did not understand the 
mechanism and laws of inheritance, since these ha<l not yet been 
discovered. Ho believed, at least in his earlier work, that 
“acquired” characters might be transmitted to offspring, but 
this belief did not form the essential basis for his theory, as it did 
for that of Lamarck. The main fact which he cmpha.sized was 
that variations in all directions are exceedingly abundant and 
that in many coses they certainly are transmitted by inheritance 
to the offspring. 



410 


BOTANY: PRINCIPLES AND PROBLEMS 


The over-production of progeny in plants and animals is 
obvious evcrvwhere. Even in the case of the elephant, the most 
slowly breeding animal known, Darwin estimated that if all the 
descendants of even a single pair lived to maturity there would, 
in 750 years, be 19 million living elephants. With other organ¬ 
isms the reproductive possibilities were more overwhelming. A 
tobacco jdant, lor example, may form 300,000 seeds. If all seeds 
grew to mature plants in each generation, the earth would soon 
have room for nothing but tobacco. It is clear that only a very 
small fraction of all seeds of plants or the young of animals can 
over survive. As a result, argued Darwin, there necessarily must 

Ix' a terrific life-and-death competition. 

Finally, those individuals in this struggle which possess any 
advantage in structure or in function over their fellows, even if 
this advantage is a very small one, will evidently have the best 
chance to succeed and survive. Of the manifold variations 
which plants and animals display, some naturally will be helpful 
and some harmful, and those fortunate individuals which vary 
in the right direction will survive and will transmit them advan¬ 
tageous characters to their offspring. The others will perish 
and leave no ilesccndants. Through this “ surwival of the fittest 
tlie race tends to change steadily and to progress toward a type 
which is better and better adapted to the conditions under which 


it is living and also to develop new types which can successfully 
invade ne\v environments. Darwin named this process natural 

selection. 

It should be clearly understood (as often is not the case) that 
the theory of evolution and Darwin’s explanation thereof by 
natural selection (“Darwinism”) are entirely different proposi¬ 
tions. All biologists today accept the formfer, but many are 
doubtful as to the complete adequacy of the latter. 

Objections to Darvnn's Theory .—In support of his theory Dar¬ 
win brought fonvard a wealth of evidence so convincing that it 
won very wide acceptance. As knowledge has advanced, hoNvever, 
various objections to it have been persistently raised. Why is an 
advantageous character appearing in only one individual not lost, 
by “swamping,” in crosses between this individual and the rest 
of the population? Why do so many structures exist which seem 
not to be helpful in survival? Why are many species separated 
by differences so small that it is hard to believe that they are life- 
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and-death differences? What causes the persistence and survival 
of early steps in the development of a structure, before it has 
become perfected and can be \iseful to the orgaiusm? If varia¬ 
tions occur at random, as Darwin supposed, how does it happen 
that a complex and highly coordinatcfl structure could ever 
develop, since its production would require innumerable varia¬ 
tions of just the right degree, in just the right place, and at just the 
right time? Why have breeders rarely or never been able to 
produce by artificial selection a group of individuals which could 
clearly l>e regarded as a new species? Since competition is keen¬ 
est among young individuals, which have in many cases not yet 
developed the characteristic features of the adult, how can it 
affect adult traits? 

These and otlier objections have been answered in whole or in 
part by Darwinians, but they still arc of sufficient weiglit to con¬ 
vince most biologists that the theory just as Darwin left it is not a 
complete explanation of the method of evolution. 

De Vrieses Theory. Mutation.—Anoth(*r attempt to explain 
thecauscand method of ev'olution wo^smudo by the Dutch botanist 
de Vries, who believed that the small and almost imperceptiljlc 
variations, regarded as must important by Darwin, are merely 
“fluctuations” around the normal type and have been produced 
by the cnv’ironment, and that they are therefore not inheritable. 
The real variations which lead to evoliitionar>’ change, according 
to de Vries, arc the mutations (Fig. 232 and p. 393). These are 
permanent and inheritable and are sometimes large and conspicu¬ 
ous. The Mutation Theory thus looks upon organic nature as 
advancing by distinct and usually rather long steps rather than 
by an almost infinite number of short ones. 

This theory has certain advantages over that put forwar<l by 
Darwin. If complex new characters and even new varieties and 
species can arise by one or even a few steps, the problem of the 
preservation of the early stages in the development of a useful 
structure is partly solved, and the existence side by side of dis¬ 
tinct but very similar species is explained. The length of time 
necessary for evolution is also reduced. Evidence from experi¬ 
ment, however, shows that most inheritable variations are small 
ones and that the large steps so much emphasized by de Vries are 
relatively rare. Any inherited variation, w’hethcr large or. small, 
which arises by a single step is now called a mutation. The chief 
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sen'icc of tiic tiioory of de ^'rics has thus been to call attention to 
the dilTermce between inheritable variations, which are important 
in evolution, and mere fluctuations or ditTercnces caused by the 
environment, which are not transmitted to olYspnng. 

Genetics and Evolution.—Most of the earlier work on the 
theory and method of evolution was based on observation of 
plants and animals in nature and on the study ol fossils. In 
recent years important evidence in this field has l>oen obtained 
from experiments with liviiiK orsanisms in the laboratory and 
from more ])recise studies upon them in the held. Ihe science 
of peneties is particularly concerned here. Ivnowledge of the 
origin ami inheritance of variations, gainetl in the years since 
Memiel’s laws were rediscovered, has now increased so greatly 
that it can profitably be applied to problems of evolution. Genes 
located in chromosomes, have been shown to be the physica 
basis of heredity. C'hanges in them (mutations) have frequently 
been observed. The manner in which differences thus arising are 
shuffled and recombined in offsining resulting from crosses is 
well understood. Modification due to changes in chromosome 
number can be recognized. Both in the laboratory and m 
agricultural practice many new types of plants and animals 
have been produced. Indeed, certain polyploid forms of plants 
are sufficiently different so that they may even be regarded as 

new species. . 

Genetics is limited, of course, to an analysis of differences 

l>etween types which can be hybridized; that is, to varieties 
within a species and to certain closely related species. Many 
such differences have been shown to be due to single gene changes, 
although in no case have all those between two species been 
completely analyzed in genetic terms. In most cases two species 
in the same genus probably differ in scores or even hundreds of 

genes. 

The origin of mutations has often been observed in plant 
cultures, and even more commonly in such fast-breeding animals 
as Droii(yphila, the small fly which has proved so important 
in genetic investigations. Some gene mutations occur with 
comparative frequency whereas others are very rare. Such differ¬ 
ences in mutability have been observed not only under experi¬ 
mental conditions but in extensive samplings made among vn\d 
populations. If a given mutation pro^ddes no advantage or 



PLAXT icvon rias 


4l*J 


disadvantage to the organism—if it has no “survival value”- 
it will persist in the population, and even if it is inherited us a 
recessive it will maintain itself by crossings between individuals 
heterozygous for it. Most mutations, howe\'er, are (‘ither lethal 
(causing the death of the individual) or are disadvantageous to a 
greater or less degree and therefore tend to lu- eliminated from a 
population by natural selection. Thus the fretiuency of a given 
gene mutation in a population <lepends both upon the frecjueney 
with which it is produced by mutation and upon the propor¬ 
tion of individuals poss<*ssLng it which are able to sur\ iv<* and 
reproduce. 


The role of selection in this process is still a matter of debate 
among biologists. Some l>elieve that very slight deviations 
from the normal type are eliminat<<l. Others regard the selective 
process as less preci.se and as elVeetive only in getting rid of 
obviously inferior individuals. In those numerous cases when? 
the visible dilTerence between two species seems to have no value 
for survival, it may be correlated with some less obvious phys¬ 
iological difference which is min-li more important. Selection 
among young individuals on the basis of traits important in 
early life may result in th(‘ survival of indivi<hials which po.ssess 
adult characters of no great signilieanee for selection. Increased 
size of an organ or body produced by selection may result in 
marked changes of form and proportion which are of no survival 
value. These and other reasons often make it <lifficult to deter¬ 
mine just how important selection is in producing evolutionary 
changes. 


The intensity of competition and the “struggle for existence” 
have also been questioned. Sur\'ival of one imlividual from a 


group appears often to depend more on chance than on success 
in competition. The “struggle” in many eases seems rather 
with adverse factors in the environment than with other indi¬ 
viduals. In either case, of course, the survivors are presumably 
better adapted than those which fail. 

The whole question of adaptation, of the clo.se and beautifully 
adjusted relationship between the plant and its environment 
(p. 290), has been the subject of much debate. Some biologists 
have actually denied the existence of adaptations, but this 
seems impossible to maintain in the face of so many facts. 
Indeed, the mere existence of a plant or animal in a changing 
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(MiviromncMil f^hows that it must have the means to react to 
tliose changes in an adaptive way. ^-Vlthough it is often difficult 
to imagine the steps by which some of these complex adaptations 
may have arisen, Darwin’s explanation of them as the result of an 
accumulation of many favorable variations still seems the most 
plausible one. 

It is now recognizetl tliat evolution proceeded at very different 
rates in diiTcrent groups and at ditTerent times. Some types, 
like Psilotum (Fig. 330) and Ginkgo (Fig. 37(>), have remained 
with little change for millions of years. Others, as many groups 
»)t lierl)aceous plants, apparently are changing rather rapidly. 
Whether new species have arisen during historic times iscpies- 
tionable. though there is evidence that certain North American 
types, wliich have increased enormously in individuals since 
the ctdting olT of our forests, may have produced some new 
spe<‘ies during the past three hundred years. Evolution seems 
to have been especially rapid during times of great geological 
and climatic clianges. such as occurred at the end of the paleozoic 
era. Other factors alTecting rate of evolution are mutation rate, 
population size, and the variety of available environments. 

The origin and accumulation of variations, in a manner 
essentially like that jnoposed by Darwin, is now rather generally 
accepted as the methotl by which evolutionary advances have 
l>een matle. Modem studies have done little more here than 
to make clearer the various details of the process. The more 
difficult problem, however, as to the origin of separate groups 
of organism.s—species, genera, and families—clearly distinct, 
with no intermediate forms between them, and usually unable 
to cross with each other, is less well understood. 

Geographical isolation is, of course, an important factor. 
In any si>ecies where one part of its range is cut off from the 
rest by a physical barrier, such as mountains or the sea, so that 
movement of plants or their seeds from one part to another is 
impossible or infrequent, mutations in the two regions may be 
unlike in character or rate so that differences in type wdll gradu¬ 
ally accumulate. Aside from these chance differences, conditions 
in the two parts of the range may be unlike enough so that 
selection will preserve somewhat different characters in them. 

Isolation may be due to other than geographical causes. 
Plants w’hich occupy different habitats in the same range— 
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one type perhaps growing only in open, drj', and sunny places 
and the other in damp and shady ones—may l>e almost as 
effectively prevented from intermingling as though they were 
geographically separated. Races which differ, even slightly, 
in their time of flowering will be prevented from crossing and 
may thus become isolated. 

Even without geographical or ecological barriers distinct 
local races will often develop under certain conditions. Recent 
studies in the genetics of populations have shown how important 
the size of a breeding group may be in this respe<‘t, among 
types which reproduce by cross fertilization. In a species 
with a wide range, an individxial is much more likely to cross 
with others near it than with those at a greaU*r distance, since 
potlcnizing mechanisms (wind and insects) usually operate 
ov’er a relatively small area. Furthermore, in many spccie.s 
the range is not uniformly continuous, but there are areas 
where inrlividuals are numerous and others where they are 
relativ'ely few. Even in a given group, only mature imlividuals 
and those in flower at the siime time can take part in reproduction. 

a result of the.se factors, the effective breeding population, 
that group of individuals among which crossing can readily take 
place, is usually much smaller than the entire species. The 
latter is thus broken up into many rather local and relatively 
small breeding populations. The significance of this for the 
problem of the origin of differences lies in the fact that in very 
small populations some genes may be eliminated by chance. 
If such a population is segregating for two alleles (as genes .1 
and o) which are equally abundant, and if the size of the popula¬ 
tion does not increase, then one or the other of these genes will 
frequently fail to appear among the offspring. Thus if two plant.s 
A a and Aa are crossed we should expect their offspring to be 
A A, .4a, Aa, and aa, each with etiual probability. If only tw'o 
of these can sur\’ive however, (since tlie population size cannot 
increase), there will often bo cases where the two are AA and i4o. 
Half of the supply of gene a is thus eliminated and in another 
generation might be gone altogether, gene A becoming homozy¬ 
gous or fixed. In a small population this reduction and ulti¬ 
mate loss, entirely by chance, of certain genes, and the fixation 
of others may take place simply because of the mechanism of 
mcndelian inheritance, with the result that local, genetically 
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<lilTorent groups are formed. In such cases survival would 
depend more upon chance than upon selection. In a larger 
hreeding population, however, there is much less likelihood of 
the chance loss of a gone, anil gene fretiuencies in such a popula¬ 
tion therefore depeml chiefly upon the balance between mutation 


frequency and selective survival. These conclusions apply, 
of course, onl>' to cross-fertilizeil plants (or to animals) and not 
to tlie many plants which are self-fertilized. 

In a population segregating for many genes, individuals 

with certain combinations of them will tend to survive and those 

with others will be eliminated bv selection so that certain rela- 

% 

tively well-ada])teil groups will appear which are rather sharply 
separated from others through the loss of less well-adajjted 
intermediate forms. 

In all these various ways, more or less isolated groups of 
individuals, difTerent from the rest, may be established within 
a species as the first step leading to the evolution of a group of 
new species. How these groups become suffii*iently distinct 
so that they will no longer cross with others is not well under¬ 
stood. That they do so is evident, for most species will either 
fail to cross with closely related ones, or, if hybrids are formed, 
these are sterile. Perhaps mere accumulation of genetic differ¬ 
ences alone is enough to produce this reproductive isolation. 
DifTerences in chromosome numbers would do it, and many 
new forms are polyploids. There are very probably other 
special genic mechanisms involveil which arc favored by selection 
since they tend to ijrevent the “contamination” of a well- 
adapted group through crossing with less successful types. 

Genetic analysis, particularly as it applies to populations, 
has thus thrown much light on the mechanisms of evolution. 
Some objections to I^arwin’s theory have been answered but 
there are many problems yet unsettled. Much more work 
needs to be done on the genetics of wild species, a field which 
botanists have only begun to explore. The whole subject of 
taxonomy will thus receive a new interpretation. The effect of 
gene and chromosome changes on developmental processes will 
also have an important place in evolutionary theory. New 
information on the ecological relationships between plants, 
particularly through the soil, will be significant in problems of 
competition and survival. Evolution is still an active field of 
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biological inquirj'. Its emergence from the realm of obser\’ation 
and speculation into that of experiment has already been fruitful 
in pro\iding a clearer understanding of the evolutionary process 
and promises greater progress in the future. 

QUESTIONS FOR THOUGHT AND DISCUSSION 

640. Why is it that new and distinct strains or races of corn, apple.s, or 
other plants which have been developed by breeders are not regarded as 
new species? 

641. In the case of a number of cultivated plants, the wild species 
from which they must have come are tothiy unknown. Explain. 

642. In the record of plant and animal evolution presented by fossils, 
why arc there such large gaps? 

643. What types of plants and animals would be most likely to be pre¬ 
served Jis fossils? 

644. Why is so little known about the evolutionary history of thaliu- 
phytes from a study of fo.ssils? 

646. Aside from the evidence of fossils, what reason is tliere to believe 
that very many plant species formerly existed but have become extinct? 

646. How did it happen, do you think, that characteristics of appar¬ 
ently very little significance in the life of the plant (such os a floral plan 
of three in contrast with one of four or five) are very constant and thus 
most useful in classification? ' 

647. Most of the members of the Figwort family have four stamens in 
the flower, but there is often the rudiment of a fifth. The families nearly 
related to the figworts all have five stamens. What inference may be 
drawn from these facts as to the evolution of the flower in the figworts? 

648. The plant population of an isolated island or island group in 
mid-oce^n (such as the Hawaiian Islands) is composed very largely of 
species which are found nowhere in the world except on that particular 
island or island group. Explain. 

649. The potato, tomato, tobacco, and various other agricultural 
plants, now grown in Europe, are not native there but were introduced 
from America after the discovery of the New World. What conclusion 
can be drawn as to their evolutionary history? 

660. In the Galapagos Islands very many of the plant species arc con¬ 
fined to this group of islands, but most of the genera arc the same as those 
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found on the adjacent coast of South America. In Hawaii, it is not only 
the species which arc distinctive of the islands, but many of the genera 
are also found nowhere else. Which of these two island groups, on the 
basis of tliese facts, do you believe has been isolated the longer and the 
more cfTectively? Kxplain. 

661. Bermuda and the Galapagos Islands are about equally distant 
from the nearest continent, but the latter group has far more endemic 
species than the former. Kxplain. 

662. Plants living in ;irid or <lesert regions usually have small and 
leathery leaves and deej) root systems, in contrast to plants living in 
regions of inore abundant moisture. How would Lamarck explain thi.s 
fact? How would Darwin? 

663. Most species which are very common (abundant in individuals) 
belong to genera which are larger than the average in number of species. 
ICxplain. 

664. D.arwin notc<l that s])ecies belonging to large genera are usually 
moie variable than species belonging to small genera. Kxplain. 

666. ^\’hich is likely to be more succi»ssful, a relatively variable species 
or a relatively constant one? J‘'xplain. 

666. State at least five advantages which one plant specie.s might have 
over another which would make it more widespread and successful. 

667. List as many jmrely phy.siological variations as you can think 
of which might be of importance in natural selection. 

668. Do you think that the capacity for regeneration of accidentally 
lost part.s has been acquired by natural selection? Explain. 

669. Which might be expected to show more rapid evolutionary 
change, a plant species which is always cross-fertilized or one which is 
always self-fertilized? Kxplain. 

660. Which might be expected to show more rapid evolutionary 
change, a plant species which is an annual herb or one which is a tree? 
Kxplain. 

661. How do you account for the fact that forms like Psilotum and 
Ginkgo have changed relatively little for long periods while others were 
evolving much more rapidly? 

662. If evolution had progressed with equal rapidity in all groups 
of plants, how would you recognize “primitive” types from more 
“advanced” ones? 
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663. Is competition generally keener between closely related or 
between distantly related species, do you think? Explain. 

664. A weed introduced into a new region often becomes more \\ide- 
spread and successful there than in its native land. Explain. 


666. The chestnut-bark fungus, introduced some years ago into the 
United States, has cxteriniiiated all the native .-Xmerican chestnut trees 
over wide areas. In Chiiui, its native home, the .species of chestnut are 
almost immune to attack. How <lo you explain this difTorence between 
American and Chinese chestnut species? 

666. Plants which produce coinpjiratively few seeds per plant, 
like many legumes, seem to be as succes.sful in evolutionary competitiori 
os those which produce many more, .such as tobacco. Explain. 

667. Name at least five causes which might lca<l to the extinction of a 
species. 

668. Why is it that all ancient and primitive tJ^lC!S of plants have not 
been exterminate*! by the competition of those which have been more 
recently evolved? 


669. A highly specializerl aral complex ])lant species is often less 
successful than one which is much simpler and more ancient in type. 
Compare, for example, the common bracken fern, which i.s relativelj' 
“low” in the plant kingdom but which thrives over almost the entire 
world, with many orchid species, which belong to one of the “highest” 
plant groups but arc often rare and have very limited ranges. Explain 
these facts. 


670. In the evolutionary liLstorj’ of many groups of plants and 
unimaLs, os shown by their fossils, there is a gradual advance from simple 
and primitive members to those which arc progressively more and more 
complex and abundant; but when a very high degree of specialization 
has arrived, the group suddenly disappears from the fossil record. 
Explain. 

671. Evolution in two different but related groups seems often to 
have progressed along similar lines. What factors miglit account 
for this? 


^ 672. Primitive and ancient types of animals and plants are most 
common in comparatively isolated regions. Explain. 

673. Do you think that evolutionary change wdll take place more 
rapidly in a region freely exposed to immigration from without or in a 
comparatively isolated region? Explain. 
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674. In eras of marked climatic or geological changes evolution seems 
0) have been particularly rapid. Why? 

676. The great land mass of Europe and A.sia is believed to have been 
the cont^T of evolution for many tyi>es of animals and plants now found 
in other i):irts of the world. Explain. 

676. In cttnsc(iuence of the “struggle for existence” and the “survival 
of the attest.” why is it that in a given locality one species does not 
c'xtenninute all the others and compose the eritirc vegetation? 

677. Will evolutionary change take place faster, do you think, where 
the brccrling population is very large or where it is very small? Defend 
your answer. 

678. How different is the problem of the origin of distinct now types 
among self-fertilized plants from that among cross-fertilized plants? 

679. Among what kiiuls of plants would you look for the po.ssible 
evolution of new types since the settlement of North America by the 
Europeans? 

680. If some plants (like the root-tubercle bacteria) possess the very 
great advantage of being able to syntlicsizc proteins from the free nitro¬ 
gen of the atmosphere, why do you think it is that other plants, as a 
result of the competitive processes of evolution, have not also acquired 
this ability? 

681. Why tlo you think it is that, even after so many years of evolu¬ 
tionary competition and progress, so many plants may be improved by 
breeding? 

682. In what respects has an acceptance of the theorj' of organic 
evolution been of importance in other fields than biology? 

683. Criticize the following statements: 

1. “Evolution consists in the development of more complex 
types from simpler ones.” 

2. “More recent types of plants are more successful than 
primitive ones.” 

3. “Natural selection is responsible for the origin of varia¬ 
tions.” 

684. What objections do you think cun still be raised against the 
theory of natural selection as an explanation of evolution? 



CHAPTER XIV 
PLANT DISTRIBUTION 

The entire land surface of the globe, save where it is too cold 
or too dr>% is covered with a mass of vegetation so varied in 
any one region and so diverse in different regions that it has 
long excited the interest and attention not only of botanists but 
of everyone who is mindful of the world around him. From 
arctic tundra to tropical jungle, from desert to rain forest, from 
Occident to Orient, from the great land masses of the Northern 
Hemisphere to the antipodes and the islands of the sea, this 
tremendous panorama unfolds itself, providing one of the never- 
ending delights of travel. To understand the causes of this 
diversity of the plant life of the globe and to trace the changes 
which it has undergone from past to present are among tlie chief 
tajiks of plant ecology. This subject , is so vast that in small 
space little more can be done than to present a few of its most 
important facts and some of the main problems which they 
raise. 

The diversity of plant populations is due to two main causes— 
differences in environmental factors in the regions where they 
grow and differences in the evolutionary history of the plant 
populations. 

Environmental Factors.—There are many factors in the 
environment which determine plant distribution. High in 
importance is the amount.of available water, which, more than 
anything else, makes the difference between a rich, luxuriant 
vegetation and a sparse and scattered one. Comparatively 
few species can live where the rainfall is scanty; and in wide 
areas where few plants now exist, the addition of water by 
irrigation or othenvnse is all that is necessary to stimulate 
abundant growth. Other factors, notably temperature and 
chemical differences in the soil, produce their effects in part by 
affecting the supply of water available to the plant. 

Temperature is almost as important as water. The great 
zones, based primarily on distance from the equator and thus 
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on tlic amount of heat received from the sun, are closely paral¬ 
leled by characteristic zones of plant life. The luxuriant and 
fast-crowing vegetation of tlie tropics as compared to other 
regions is due chiefly to the high temperature.s there. 

'Fhe chemical and biological character of the soil often deter¬ 
mines how widely a plant can become distributed. Some 
re(iuire lime aiul others aci»l soil. Some grow only where organic 
matter is abundant, or where particular bacteria or fungi are 
present. A geological map showing the rocks from wliich the 
soils of a region are derived will often enable a botanist to predict 
accurately where certain plant.s will bo found. 

.\ll green plants retiuire light, but its intensity and duration 
are important factors. Some cannot tolerate bright illumination, 
nor t)thers much sliade. The length of the photoperiod, very 
long near the pole (during the growing season) and much shorter 
in the tropics, has a marked ctYect on the character of plants 
which can grow in these regions. 

To these inorganic factors must be added various organic 
ones, ^■ines climb on trees, epiphytes perch on high branches, 
parasites recpiire host plants on which to live, many species 
depenil on insects for pollination, and most plants arc afTected 
in one way or another by their nciglibors and have thus been 
inodihed in character and distribution d\uing the course of 
evolution. 

Evolutionary History.—Adaptation to these factors of climate, 
soil, and organisms determines the general character of tlie plant 
population of a given place, but the precise kinds of plants 
which live in it depend on the evolutionary history of tlie flora. 
Each group of plants which we recognize—each species, genus, 
and family—presumably had its origin at some particular place 
on the earth’s surface, from which it has been dispersed during 
the course of its history. The area it now occupies depends on 
the speed of its dispersal, on the barriers which have checked 
its spread, and, for more ancient types, on the amount of exter¬ 
mination suffered through climatic and geological change. As 
a result of these differences in the evolutionary history of their 
floras the plant population of South America, for example, is 
very different from that of Africa, even in regions of similar soil 
and climate, and the Australian flora is unlike either. There 
are large groups of plants found only in the Eastern Hemisphere 
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in the Western. The horas of t}io Southem 
Hemi.sphere are markedly dilferent from tho>e (if the XorUiern. 
Some Ki-onp.s of plant.s arc cosmopolitan and found in almost all 
parts of tlu? woild. Otliers are limit(*d to a continent Still 



l ie;. 2*13,—Primeval forest of r<*ri fir arul r<*<l rerlar, Washiiiirfon. 

Forest •Sfrrtc/' I^hoto.) 


others are more sliarply localiz(al, or e/u/cniic, in a smaller rofjion. 
The floras of two regions, such as those of boreal Amc^ricai 
and boreal Eurasia, of Australia and New Zealand, or of Pata¬ 
gonia and South yVfrica, show many similarities but also many 
differences. 
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Types of Vegetation (Plant Formations).—As one sur\’eys 
the plant population of the world, a number of general types 
of vegetation, determined chiefly by environmental factors 
and occupying wide areas, may be recognized. 

Thus on the northern edge of North America and Eurasia 
is the Arctic tiimira, a region of low temperature, often frozen 
subsoil, drying winds, and a growing season short in duration 
but with long days. Most plants here are perennial herbs 



I'lO. 244.—Tomperato deciduous forest, chiefly of beech, iu the Appalachians. 
{Photo by E. S. Schipp, courltty of United Staiee Forest Service.) 


but there are prostrate shrubs and a few dwarf trees, chiefly 
willow, birch, and juniper. Mosses and lichens predominate 
in some regions and in others there are wide arctic meadows 
with brilliant flowers. 

South of this region of arctic vegetation, stretching across 
Canada, Scandinavia, and the northern part of Russia and 
Siberia, is a belt of forest made up chiefly of such conifers as 
spruce, larch, fir, and pine (Fig. 243), but with some poplar 
and birch. Much of this is still in a wild state and has been 
little touched by lumbering. 

South of this, in turn, is another great belt of forest, largely 
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of deciduous trees (Fig. 244) but intoiinixed witli some e\’cr- 
greeiis. This covered most of the I'jiited States cast of tlie 
Rockie.s, most of Turope south of Sean<lina\da. and iiKjst of 
China and Japan. In America its clmraeteristic trc'es are elm. 
maple, beech, oak, hickory, bin h. a.sh. chestnut, white pine, ami 
hemlock. Related .species of mo.st of these genera are foumi in 
the corresponding regions of Furope atnl China and .Japan. 
Of course in tliis belt the lor<‘>ts lia\'e b(*en largelv ch'ared awa\' 



I'lu. 245.—Prairit* iu .Midrllo 


to make room for-agriculture, and in Western lOurope, China, 
and parts of the United States the primeval fore.st of tliis type 
has gone. 

DifTcrcnccs in rainfall, altitude, and other conditions cause 
much diversity in the vegetation. Thus along the Pacific const 
from British Columbia to California there is a region of high 
rainfall and a luxurious development of forests of redwood, 
Douglas fir, larch, and pine. In the central United Slates, on 
the other hand, are great areas largely devoid of fore.st. The 
eastern parts of this region arc the prairies (Fig. 245), where 
the native vegetation is now largely gone. These merge to the 
west, as rainfall decreases, into the plains, and toward the south- 
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Fi(i. 2^7.—iSwampof bald c>'prcss (Taxodium) atid so\irfium (;Yi/35<i) in La\u^ituia» 

cypress “knees/’ {United States Forest Service Photo.) 
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west to semidcsert. In Europe, the plains of ITungarj' and 
southern Russia suggest our prairies, and with the decreasing 
rainfall eastward these merge into treeless plains mucli lik«! 
ours in the United States. Most of central .fVsia is relatively 
barren grassland called the steppes (Fig. 24C). 

Still farther south is a belt of warm-temperature vegetation. 
This may be luxuriant, as in the Gulf States, where it is char¬ 
acterized by live oaks, laurel, cypress, pines, and cane brakes 



Fi<j. 248.—Seiniarid vegotntion. Now Mexico. (VnUud Forc^ft Service 

Photo.) 


(Fig. 247); or much more sparse as in our semiarid southwest 
(Fig. 248), with its mesquitc, acacias, yucca, and cacti, and its 
large vegetation of herbs which flower in the short rainy season. 
The plant life of the Mediterranean region is much the same as 
this in character. 

Since the effects of increasing altitude are like those of increas¬ 
ing latitude, on the mountain ranges in this north temperate 
zone, such as the Rockies, Alps, and Himalayas, there is usually 
repeated the same Bcries of vegetation types as arc found from 
the arctic southward. On the summits is bleak tundra (Fig. 
249), followed lower down at *‘tree lino** by coniferous forest 
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and then bj’ deciduous forest. In the Himalayas this merges 
into tropical vegetation below. 

In that wide belt between the tropic of Cancer and the tropic 
of Capricorn (he temperature is prevailingly high at low alti¬ 
tudes. '\\’here rainfall is abundant, conditions are ideal for 
rank, hixuriant vegetation, and such regions as the Amazon 
basin, much of equatorial Africa, and India, Hurma, and the 
I'^ast Indies are in large part covered with tropical forest (Fig. 



V'iQ» 249.—Mountiiin^top tundra* Mi. Washington, Now Hampshire. 


250). Here tall trees make a dense cover over the dark, moist 
jungle floor. Woody vines twine around the trees and epiphytes - 
perch in their branches. Growth is so rapid that a clearing in 
the forest will return to the wild state in a few months. Most 
trees are evergreen, and herbaceous plants are relatively rare 
except in open places. The flora is exceedingly rich in species, 
as compared with temperate regions, and these are so mixed 
together that there are no large areas dominated by one or a 
few species, as in northern forests. 

Much of the tropics are not covered by this luxuriant forest. 
Some, as in parts of central Africa, are high plateaus where the 
vegetation is a savanna, much of it grassland but with patches 
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of forest occurring whore tlic water Mipply is ainindant. In 
central Iiulia the f)lateau 'eminrid anil coxa-iiil witli ih<ir?i\' 



I* to. 260.—Tropical jungle in Surinam. (CouricAy of BaatnJt Moyuin:, S\tc York 

iSotoniail Onrden,) 


scrub. In the Sahara, Arabia, and parts of Australia conditions 
are so diy that plant life is greatly reduced. 

South of the tropics there is no great land mass, as in the nortli 
temperate zone, and no wide forested areas. In western Para^ 

0 



430 


liOTANY: PRINCIPLES AND PROBLEMS 


Kuay and Argentina arc the pampas, grassy plains resembling 
onr prairies. Much of South Africa is also grassland, as is a 
wide belt of Australia between the desert and the forested belt 
along the southeast coast. Most of New Zealand is covered 
witli for<*st. including conifers and beeches, but this is sub¬ 
tropical in character. In parts of Chile and on the west coast 
of the South Island of New Zealand where rainfall is high, there 
are teinp<*rate evergreen forests suggesting those of the north 
I*acific coast of North America. 

Problems of Plant Distribution.—There arc certain evident 
similarities in the plant population of regions widely separated 
b\it possessing the same general environment. The dincrences 
are great, liowever, and can be c.xplained only by a study of the 


past history of the earth, of the evolution of plant types upon 
it, ami of tlie vicissitudes which they have undergone. This 
.s\d)ject is a vast one and it is possible here to pre.scnt only a fe\v 
typical problems as examples of what constitutes the science of 
I)lant tlistribution. M»ich progress has been made in this field 
in recent veal's, ami as exploration fills more completely the gaps 
in knowledge of the present and past distribution of species, 
many of the remaining problems will doubtless be solvetl. 

Eoslcrn .bsm and North Amcrfca.—Many years ago, as knowl¬ 
edge of American and Asiatic floras became more complete, the 
great American botanist Asa Gray called attention to the fact 
that there is a striking resemblance between the flora of Japan 
ami parts of C’hina, on the one hand, and that of the eastern 
Ignited States (and to a less extent tlic California region), on 
tile other. These regions arc now separated by thousands of 
miles, not only of sea but of the land areas of northeastern 
Siberia and of Cana<la, which have an entirely different flora. 
'I'lic common poison ivy of the eastern United States has a very 
close relative in Japan and another in California. The woody 
climber Wistaria and the fox grape are confined to the Atlantic 
states and to Japan and China. Such examples may be mul¬ 
tiplied many times. Gray suggested that these resemblances 
could be explained by assuming that in Pliocene time, before the 
glacial period, the great land mass of the north temperate zone 
was covered, up to the arctic regions, with a plant population 
which was rendered relatively uniform, especially at its northern 
limits, by the ease of migration between Eurasia and North 
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America. When the glacial invasion came, this vegetation was 
pushed southward V>v the cold. In the drier regions of central 
Asia and central North America it could not survive, but in 
.lapan and parts of China, in the eastern l*nite<i States, and along 
the Pacific coast it found conditions favorable to it and there 
persisted, so that the plants common to those three regions 
probably did not evolve tliere ljut have retreated along three 
very different routes from their original home to three widely 
distant liabitat.s. 

It may be asked why these plants are not represented in western 
Kurope, where so many plant types much like uni's are found. 
It seein.s probable that they once inhabited Europe but ilied 
out. Evideiitli' the extermination of plants in Europe following 
the advent of the glacier wa.s much grea(<‘r than with us, since 
the ice covered much of the land surface, and escape to the 
south, which .‘ia\'e<I plants from extinction in east Asia and 
North America, was cut olT by the Mediterranean. As a result, 
the flora of western hhirope consists of a relati\ely very small 
number of genera and species a.s compared with our o\mi oi- the 
still riclier flora of China and Japan, where there was apparently 
still less extinction; this flora thus probably repre.sents a closer 
approach to the preglacial circumpolar flora. Evidence from 
fossils supports these conclusions and shows that many members 
of our flora were much more widelj' distributed nortliwarti in 
'rertiary times than now. 

Thus a studj' of pre.sent and past jjlant distribution and of 
geological and climatic chunge.s enables us to reach at least a 
partial solution for sucli problems as arc presented by these 
members of our own flora. 

The **Aniarclic” Floras .—A somewhat similar problem, but 


a more difficult one, is presented by the floras of regioiis at the 
other end of the earth. Since the early days of exploration 
it has been recognized that the flora of Fuegia and the soutliern 
tip of South America lias many plants in common with those of 
New Zealand, Tasmania, and adjacent Australia. Notable 
among these is tlic southern beech {Nolhofagus), the only member 
of its family in the Southern Hcraisplierc, of which there are 
forests in Fuegia and in New Zealand. Over 700 other genera 
are common to the two regions and even some of the species are 
identical. On the bleak little islands south of New Zealand and 
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olscwhore in the Antarctic Ocean—the Aucklands, Campbell, 
Mncxjnario, Kerguelen, South Georgia, and others—tlic plant 
populations have many forms in common \vitli Fncgia and New 
Zcahnid. These facts could be explained by assuming a former 
extension of a plant-covered antarctic continent to link up all 
these regions. There is only one flowering plant—a grass— 
living on Antarctica today, but fossils found in several pails 
of this great land mass sliow that there was an extensive tem¬ 
perate flora on it in Mesozoic and Tertiaiy times. It is possible 
that extensions of this continent might have reached South 
America and Australasia, thus producing a land bridge by which 
plants passed between South America ami New Zealand. With 
the coming of glaciation in Antarctica and the ineaking of the 
land bridges, this common flora wouUl have survived only in 
these two widely separated regions and the scattered islands. 
Such a continental extension may well have connected Fuegia 
and Antarctica, for there is a broad and rather shallow sub¬ 
marine bank running east from Cape Horn through the Falkland 
Islands and then southwest to Graham Land. This may have 
been land in the Tertiary, l^etween New Zealand and Antarc¬ 
tica, however, the ocean is wide and extremely deep, so that a 
former land connection seems very improbuVile. Students of 
plant distribution are often tempted to solve tlieir problems by 
constr\icting hypothetical land bridges, but unless there is some 
geographical evidence for it, the former e.xistence of such a bridge 
should not be assumed. In the present case the “antarctic” 
plants now in New Zealand may well have come from the southern 
continent by dispersal from one island steppingstone to another 
at a time when those islands were larger. At all events, it is 
clear that there have been very great changes in the plant life 
of the antarctic world. 

This problem is further complicated by the fact that there 
are many characteristically northern—even arctic—plants in 
this “antarctic” flora. As Sir Joseph Hooker showed many 
years ago, more than a third of the genera in New Zealand are 
also found in Europe, and even fifty-eight species are identical 
between these widely separated regions; and there are about 
seventy northern genera in Fuegia and southern Chile, with 
about forty of their species identical with those in Europe and the 
arctic. Such plants thus occur in two mdely separated groups— 
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arctic and antarctic—and are unkno\\'n over the thousands of 
miles of warmer countr>' between. How did this remarkable 
distribution come about? There are land bridges between tliese 
two regions, by way of the Eurasian and American continents, 
but these plants are not passing over them now. 'I'he best 
explanation seems to be that during our glacial period (or at 
some similar time) there may have been an essentially con¬ 
tinuous belt of temperate climate across the tropics in the 
mountain chains and that along this belt arctic plants may have 
migrated to the antipodes. With the withdrawal of these 
conditions, such cold-loving plants became extinct in the middle 
of their ranges and sur\'ived only at the two extremes. Here, 
again, a knowledge of the past is essential to explain the present. 

The Australasian Floras .—Ihit the “antarctic*' plants are 
only a small part of the Australasian flora. The plant life of 
this great s\ibcontinent, like its animal life, is in many wavs 
different from that of the rest of the world, and the plant popula¬ 
tion of Australia is even different in several respects from that 
of its neighbor, Ne\v Zealand. The relations of these two floras 
has long presented some difficult problems to students of plant 
distribution. Wallace, in his remarkable book “Island Life,” 
presents a plausible solution to some of them. He shows that 
in both regions there arc many endemic plants which are found 
nowhere else. There are marked resemblances between the 
two floras, however. All but three of the families found in 
New Zealand he found to occur in Australia, and of the 310 New 
Zealand genera, 248 are also Australian. Of the 285 New 
Zealand species which are not endemic, 215 also occur in Australia. 

On the other hand, the flora which is distinctly Australian 
is almost entirely absent from New Zealand. Of 7 large genera 
highly characteristic of Australia, including Acacia and Euca- 
lyplus, there is only 1 species in New Zealand. Seven typically 
Australian families are also entirely lacking there and others 
are rare. Thus the Leguminosae, of which there are 100 genera 
and 1000 species in Australia, have only 5 genera and 13 species 
in New Zealand. 

Wallace explained this by assuming that the characteristic 
Australian flora was evolved in its western temperate region, 
where it is now best developed, and that this region in Cretaceous 
and early Tertiary times was separated by sea from eastern 
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Australia. The latter was in contact with the tropical East 
Indies and. in tlic early Tertiary, with New Zealand, either 
dii’octlv or l>v a cluiin of islands. The flora of eastern Australia 
thus included many Ihist Imlian and tropical forms and it was 
these Australian plants winch pas.sed over to New Zealand 
and which constitute the larfje element common to the two 
regions. 'I'he connection bc'twcen eastern Australia and New 
Zealand was broken. Wallace thinks, before east Au.stralia ha<l 
received from the west much of the typical “ Australian’’ flora, 
so that such plants could not enter New Zealand. The two 
Australian islamls soon united to form the continent of today 
with its two distinct floral element.s—a tropical, Malayan one 
of rather wide distribution aiul a characteristically Australian, 
temperate, and eiulemic one. Now Zealand, too, has two ele¬ 
ments, one the “antarctic” portion of its flora and the other of 
tropical Malayan type which entered it iluring its connection with 
Australia. The approximately 100 species common to Australia 
and New Zealand and found nowhere else arc temperate forms 
and nujst evidently have gone from one place'to the other rather 
recently, since evolution has not yet made tlieni dilTerent. 
Most of these have exceptional powers of dispersal, and Wallace 
believes that tliey were carried across the Tasman Sea by wind 
or other means. 

This analysis of the two floras is supported by the evidence 
from geography and geology as well as from plant distribution 
and is a classical example of how sxich a problem may be attacked. 

''Gomiu'ana Land" and the Sliding Continents .—In most of 
these problems geological facts are important, but in one of 
them they jxrovidc most of the evidence. Fossil plants from 
the Carboniferous and Permian of Australia, India, Africa, 
and South America show surprising similarities and arc different 
in many ways from the fossil floras of Europe and North America. 
This ancient plant population of the tropics and Southern Hemi¬ 
sphere is called the *^Glossopleris” flora from a common genus 
of fossil ferns (or cycad ferns) which is one of its distinctive 
features. Some geologists have explained this widespread flora 
by assuming that in late Paleozoic times there was a great 
continent, “Gondwana Land” (Fig. 251), in what is now the 
Indian and South Atlantic Oceans, on which these plants lived, 
and which comprised what is now peninsxdar India, Australia, 
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Antarctica, Madagascar, most of Africa, and much of South 
America. North of this was the land mass from which North 
America and Europe were formed, and another which gave rise 
to Siberia. Thc.se were .separated from Goudwuna Land bv 
Tethys, a sea of which the Mediterranean is all that remains. 
After the Permian, Gondwana Land broke up and much of it 
disappeared, but in the early Mesozoic the fossil plants from 
the Southern Hemisphere still show a good deal of similarity to 
each other. Today tliere are a number of important resemblances 
between the floras of India and of the Ian<l mas.scs of tlie So\ithern 
Hemisphere and between their animal life, as well, which could 



one3. Prcaciit continents in light outline. 

be explained if tlicse arc the surviving remnants of a once con¬ 
tinuous southern continent, but which arc difTicult to account for 
unless these lands were earlier in more intimate contact than 
they are now. 

The dilhculty of the Gondwana Land hypothesis is that the 
bulk of this great continental ma.ss apparently disappeared 
beneath the sea, and that its remnants arc now so widely dis¬ 
persed. This must have involved major changes in the physical 
geography of the globe. A way out of the difficulty, although 
a radical one, was proposed some years ago by Wegener. Ho 
believed that the rock masses of the continents exert such a 
tremendous pressure on the deeper layers that these become 
semiliquid and that the continents then float, so to speak, on 
this core, and can actually move or glide over it. Wegener 
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assumed that at the end of the Paleozoic the entire land surface 
of the globe was in a single great continental mass, essentially 
the Goiuiwana Land of the geologists. During the Mesozoic this 
is supposed to have broken up into several masses which form 
the continents of today, and these have slowly “floated” apart 



Fio. 252.—Wegener’s hypothesis ns to how the continents of today arose by 
the breaking up of on originally continuous land mass and the moving apart of its 
components. Top, upper Carboniferous; center, Eocene; lower, early Quater-* 
nary. {Redraxon from Wegentr^) 

to their present positions (Fig. 252). At the advancing edge 
of each is pushed up a ridge of mountains like a wave, best seen 
in the Andes but also in the Sierras, Alps, the Himalayas, and the 
Southern Alps of New Zealand. On the surface of a globe the 
present continents can actually be fitted together in a rather 
convincing fashion, much like the pieces of a jigsaw puzzle, and 
the hypothetical land mass thus reconstructed. South America 
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fits nicely into the western hollow of -Vfrica; Australia swings 
up through the Indian Ocean to join India; North America 
attaches herself reasonablj’^ well to Europe, and the rest of the 
land area can be matched up. All this makes Wegener's 
hypothesis sound more reasonable; and if it eould be established, 
it would certainly solve many problems in the distribution of 
animals and plants of today, not only in the Southern Hemisphere 
but in the rest of the world. It has met with seriou.s objections 
from geologists, however, and is yet by no means generally 
accepted. Gondwana Lund and the origin of the floras of the 
Southern Hemisphere still provide many unsolved problems. 

Insular Floras .—The plant life of islands also offers many 
problems to students of distribution. When these islands lie 
near a continent, so that dispei*sal of plant.s or their seeds is 
relatively easy, the insular flora is made up of specues identical 
with that on the mainland. With islands far out at sea, however, 
and more or less isolated from larger msusses of land, the flora 
often includes endemic species, found nowhere else. On the 
Galapagos Islands, for example, which lie 600 miles west of the 
coast of Ecuador, more than half the species are confmod to 
them, and there are even a number of genera which are found 
nowhere else. Darwin, who visited the Galapago.s over a 
century ago, observed that most of their endemic species resem¬ 
bled those inhabiting the adjacent mainland of South America. 
The ancestors of these plants apparently came from the con¬ 
tinent but at a period so far back that they have evolved into 
distinct species. It was a consideration of this relationship of 
the plant and animal life on the Galapagos to that of con¬ 
tinental America which first convinced Darwin that evolutionaiy 
modification of organisms is actually taking place. The specie.s 
of the Galapagos which are found elsewhere are evidently more 
recent comers. Some are West Indian types and others have a 
wide distribution. Many belong to plants which have particu¬ 
larly good means of dispersal. 

The Hawaiian Islands present an especially interesting set 
of problems. They are far more distant from a continent, for 
more than 2000 miles separate them from the coast of Cali¬ 
fornia. Their flora is a rich one, having nearly three times 
as many species as the Galapagos, and is highly endemic, with 
about 80 per cent of its species native to these islands alone. 
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There are even about 40 endemic genera. Since the degree of 
endemism is evidently a measure of the antiquity and isolation 
of a flora, that of Hawaii must have been left for a very long 
time without any important exchange of plants with the rest of 
the world. In this period its many characteristic types have 
been c^■ol^•ed. 

riie Hawaiian flora seems to have been derived from many 
sources. Some species are related to common Polynesian and 
Malayan types. Others have their nearest allies in Australia, 
and still others in New Zealand and among the “antarctic” 
floras. A considerable part of the flora is closely related to 
American types, mostly tropical; but some of these, like the 
blueberry, buttercup, strawberry, and Silene, are genera'char¬ 
acteristic of temperate America. 

How and when did this flora originate? Many of the Malayan 
types, like those in the rest of Polynesia, seem poorly adapted 
for transportation over the ocean for long distances and probably 
entered this region when the island steppingstones were more 
abundant and perhaps larger than now. There is evidence for 
the existence of a more or less continuous extension of land 
from New Guinea eastward to what are now the Fiji Islands, and, 
as we have seen, there was probably a southward connection \vith 
New Zealand. This may have been the path of entrance for 
many plants into Pol>'nesia, and by “island hopping” many may 
have come as far as Hawaii at a relatively remote period. Some 
botanists hesitate to assume the existence of these land bridges 
even though the seas arc relatively shallow there today and 
believe that these southern t3"pes, despite their poor adaptation 
to transport, must have come by air or sea. With the plants 
of American origin, a land bridge seems out of the question, 
for the ocean between Hawaii and our continent is very deep. 
Manj' of these species, however, especially the characteristic 
Compositae, are well adapted to wdnd dispersal. The whole 
problem of the origin of the plant, animal, and human popula¬ 
tions of Polynesia is still far from solved and awaits the accumula¬ 
tion of many more facts than we now possess. 

QUESTIONS FOR THOUGHT AND DISCUSSION 

686. What do you think are the chief characteristics that make some 
plant species so widely dispersed and others very limited in distribution ? 
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686. Give an example of a physical barrier to plant distribution; of u 
biological barrier. 

687. Name at lea-st five ways in which man has changed the distribu¬ 
tion of plants. 

688. Give one or more examples of plant species wliich have greatly 
extended their ranges in recent .vears. 

689. The range.s of plants which are distributed by .spores are gener¬ 
ally greater than those which are <listributcd by seeds. Explain. 

690. Aquatic plants have in general relatively few sj>ecie.s, but these 
spccie.s have very wide geographical range.s. Explain. 

691. What influence.s might the distribution of plants have on that 
of anim.'il.s? Illustrate. 

692. What influences might the distribution of animals have on that 
of plant*? Illustrate. 

693. Aside from their role in the a<-tuul transportation of plants, what 
effects do you tliink that ocean currents, such as the Gulf Stream, have 
had on plant di.stribution? 

694. It has sometimes been claimerl that there are plants which are 
found only where gohl occurs near by. Criticize’ this idea. 

696. Wliy are there so few trees in the arctic? 

696. Wliy do you think it is that forests are rare or ab.sent on our 
Great Plains and similar treeless regions? 

697. Why do you think it is that in northern forests there are large * 
areas dominated by a few species of trees whereas in tropical forests 
there is a mixture of very many species? 

698. The pinc-like coniferous trees (pines, spruces, firs, liemloeks, and 
their allies) are very abundant in the cooler temperate regions of the 
Northern Hemisphere, are less common further south, and almost never 
got into the tropica except at high altitudes. What suggestions can 
you think of to account for this distribution? 

699. There arc a number of Ri>ecieK of arctic plants near the summit 
of Mt. Washington, the highest of the White Mountains in New Ilamp- 
shirc, although these are not found elsewhere until many miles to the 
north. Explain. 

700. In the peat accumulated on the bottom of ponds and bogs in the 
northern United States, pollen grains of various plants .are well pro- 
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served and can often be identified. On the bottom layers of peat, the 
pollen is from plants now found in the arctic. Above these is pollen of 
plants now characteristic of Canadian forests. Toward the top are 
pollen grains from plants like those gro^Ning near the bogs today. 
Explain these facts. 

701. Most characteristic plants of the coastal plain of the eastern 
United States reach their northern limit in New Jersey, Long Island, 
or eastern Massachusetts, but a considerable number also occur in 
Nova Scotia. Explain. 

702. Tlie golden plover breeds in northern Canada but winters in the 
Argentine. A species of sedge is found in both these distant regions 
but nowhere else. Explain such a distribution. 

703. If jdants very similar to each other are found in widely separated 
regions (as arctic plants in the antarctic flora) what explanation of this 
fact could you suggest other than the one given in the text? 

704. The arctic floras of Europe, Asia, and North America resemble 
each other much more closely than do the “antarctic” floras of South 
America, Africa, and Australasia. Explain. 

706. How do you explain the presence of beds of coal on the Antarctic 
continent? 

706. How may plant fossils be used as evidence of climatic conditions 
during past geological time? 

707. The contrast in climate between tropical and temperate regions, 
, the latter having extremes of seasonal temperature and a relatively 

short period suitable for plant growth, is of relatively recent appearance, 
geologically speaking. What effect do you think its coming has had on 
the character and distribution of plant life on the globe? 

708. In Greenland and other parts of the arctic there are fossils of 
subtropical types of plants which grew there during the Tertiary. What 
does this indicate as to the past history of these regions? 

709. Assuming that it was warm enough for the plants mentioned in 
Question 708 to have lived in the arctic, what environmental condi¬ 
tions must they have met there that were different from conditions 
found by similar plants in warm regions today? 

710. If a plant species occurs today in one region and nowhere else in 
the world, what two possible reasons may there be for such a 
distribution?* 
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711. It has been suggested that the area occupied by a plant species is 
roughly proportional to its age (the length of time since it c\’olve<l). 
\\Tiat eWdence can you present for and against such a conclusion? 

712. What reason can you suggest for the fact that there are many 
species of seed plants growing in fresh-water ponds and lakes but ver>' 
few in the ocean? 

713. Many important ornamental plants have been introduced into 
our gardens from the flora of China and Japan, but few American plants 
are grown in Oriental gardens. Explain. 

714. Torreya, a genus of coniferous tree.s, is repre.sented today by two 
species in China, one in California, and another in the southeastern 
United States but is found nowhere else in the worhl. What conclu¬ 
sion can be drawn from these facts ns to the past history of this genus? 

716. There is geological evidence of a glacial period in central Africa 
at the end of the Paleozoic era. How might tliLs be explained? 

716. \Miat e\ndencc do you think it might be possible to obtain to 
determine whether Wegener’s theory of sliding continents is true or not ? 



CHAPTER XV 
THE PLANT KINGDOM 

In tl»e plant kinRciom the process of evolutionary advance has 
been takinR place, slowly but steadily, for many millions of ycai-s, 
a p(‘rii)d so enormously long that the entire human era seems but a 
moment in comparison with it. Biologists may disagree as to 
the exact causes which are responsible for evolution, but the 
results of this process are evident in the scores of thousands of 
plant species with which the earth is covered today. Those 
wlto are familiar only with the vegetation of the temperate zone, 
however thriving and vigorous this is, can have little idea of the 
luxuriance and variety of plant life exhibited in tropical and sub¬ 
tropical regions. In New England there are about 4000 species 
of flowering plants, but probably more than 50,000 occur in 
Brazil. In the whole world there already have been described 
a vast array of more than 260,000 plant species. Nor is our 
knowledge by any means complete, for although during the past 
three hundred years botanical exploration has been active in 
all parts of the globe, the discoveries of new species are still 
constantly being reported. The seed-bearing plants constitute 
the dominant and conspicuous part of this diverse plant popula¬ 
tion with about 150,000 species, and in the present volume 
attention has been confined almost exclusively to these, but 
one should remember that the plant kingdom includes a host of 
lower and simpler members. Of the ferns and their allies there 
pow are knowm more than 5000 species, and in many parts of the 
earth they provide an important element in the vegetation. 
Of the liverworts and mosses there are some 21,000 species, 
and these are far exceeded by still lower forms, the fungi ^vith 
approximately 70,000 species, and the algae with 14,000. In 
all these groups, exploration and critical study are adding yearly 
many new forms, and it is probably safe to estimate that, were 
their knowledge complete, botanists would be able to recognize 
not less than 300,000 species of plants. The day has passed 
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when any one person can hope to become familiar with mon? 
tlian a small portion of the flora of the globe. 

That record of remote events which hassnn-ived to the present 
day in tlie form of fossil plants makes it clear that tlio panorama 
of the earth’s vegetation has changed repeatedly; that group 
after group has arisen, flourished, and disappeared; and that 
thousands of species have evolved only to become extinct. 
Plants of today are the product of a long period of evolutionary 
development, and to tmderstand the vegetable kingdom and its 
relationships one therefore must know something of the main 
events of its history. 

The Earliest Plants.—As to what the first plants wore like, 
from which the vast hosts of today ha^'e evoked, botanists are 
by no means sure, nor is there much hope that the (piestion will 
ever be answered. In an earlier chapter there were inentione<l 
a number of suggestions which have b(*en made as to the chanicter 
and origin of the earlie.st living things on the earth. Whatever 
these were like, they were clearly more similar to plants than to 
animals, for they must have been able to synthesize their own 
food directly from inorganic substances. Very probably this was 
not accomplished by tlie chlorophyll apparatus now so familiar 
but by some more simple means, perhaps comparable to that by 
which tlie sulphur bacteria of today obtain their energ>'. It 
seems probable, however, that at a vcr>' early period these primi¬ 
tive forms liad produced an extremely simple plant typo, con¬ 
sisting of a single mass of protoplasm and displaying some 
resemblance to the most primitive plants now existing. Given 
such a starting point, we are able to trace with some degree of 
a.ssurance the most important progressive steps which have led 
to the production of the complex and varied plant kingdom of 
today. 

Forward Steps in Plant Evolution.—It must not be thought 
that each of these progressive steps took place only once or in 
only a single group or that plant evolution represents a single 
line of advance. Each step was doubtless made repeatedly anti 
in diverse kinds of plants, evolutionary progress taking place in 
somewhat similar fashion along several parallel paths. At least 
seven major steps can readily be recognized. 

Cellular Complexity .—The primitive, single-celled forms which 
throve in the warm primeval seas, reproducing by simple division 
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and possessing little complexity of structure or function, were 
doubtless for ages the only vegetable life on the globe. It seems 
altogether probable, from a study of the most primitive living 
plants, that each consisted only of a mass of undifferentiated 
protoplasm. Doubtless one of the earliest advances was a 
(lilTerentiation of the living material into certain specialized 
portions (Fig. 14). Most important among these was the 
nucleus, wliich became the directive center for many cellular 
activities. Various physiological processes, heretofore carried 
on throxighout the cytoplasm, now became localized in particular 
structures. This seems to have been especially true for photo¬ 
synthesis, which in all but the lowest of green plants is now carried 
on in dchnitc chlorophyll-bearing bodies, the chloroplasts or 
chromatophores. In these early cells, too, a series of vacuoles 
probably began to make their appearance. 

The Multicellular Plant. —The next great forward step probably 
consisted of the union of these simple cells into colonies (Fig. 265). 
The two daughter cells formed at a division remained attached 
to one another instead of separating, and thus arose small cell 
groups or aggregations such as ma 3 ' still be seen among the lowest 
algae. The individual cells forming these groups might cohere 
variously—in spherical masses, in threads, or in sheets. Through 
a still more intimate union between their members these cell 
colonies gradually developed into definite multicellular plants 
various in size and shape and probably much like some of the 
simpler seaweeds of today. The way was thus opened for the 
production of those very large and complex plant bodies which 
are so conspicuous and familiar. 

Differentiation. —The evolution of the many-celled plant was 
followed soon by another and equally, important advance, the 
beginning of differentiation (Fig. 263). The primitive single 
cell performed all the functions which are now associated wth 
the entire plant, such as absorption, photosynthesis, and repro¬ 
duction. Soon after the multicellular individual had arisen, 
however^ there began to appear \vithin it the same tendency which 
manifests itself in the evolution of a human society, the “division 
of labor.” Instead of the primitive condition in which all the 
individual cells carry on all the functions, certain cells became 
specialists, some of them gradually assuming the performance 
of one function and some of another and acquiring through this 
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Bpecialization a more or less conspicuous modification in stnic- 
turc. The first activity of plants thus to be localized was prob¬ 
ably reproduction. Instead of a condition where ever>' cell 
divided an<I gave rise tonew individuals, certain ones were now set 
apart to produce specialized reproductive cells, or spores, provided 
with m<*ans of locomotion or other facilities which made them 
particularly well adapted to establi.sh a multitude of new and 
widely scattered plants. This process of differentiation has 
progressed steadily during the evolution of the plant kingdom 
and has resulted in the marvehaisly complex in<li\ iduals fo\ind 
in the higher group.s. Here the various functions have organs 
devoted to their performance, and in the.se the cells, far from 
being uniform, are grouped in definite and highly specialized 
tissues, each of which plays its particular part in the life of the 
whole. Differentiation has made possible the existence of the 
higher plants and is one aspect of that phenomenon of organiza¬ 
tion or regulation to which attention has been called so often. 

Sexual Reproduction. —Anoth(*r important step in the history 
of the plant kingdom involved the method by which reproduction 
took place. In the earliest plants, this process was accomplished 
merely by a division of the cell into two. In forms a little more 
advanced, special cells became difTerentiated, each of them 
able to produce a new plant. Following this stage, the type of 
reproduction knowm as sexual probably made its appearance. 
The essential feature of this method is the fusion of two cells into 
one and the subsequent development therefrom of a new indi¬ 
vidual (Fig. 256). The cells which unite thus arc calh^l sexual 
cells or gametes; and the product of their union, the zygote. In 
early plants, tlie gametes were probably nothing more than the 
ordinary nonsexual reproductive cells wiiich had assumed this 
additional function; and in some of the algae todaj' are fount! 
cells of this sort, which may reproduce the plant either sexually 
or asexually. Soon the gametes became clearly distinct, how¬ 
ever, and asexual reproduction w'as often given up or resorted 
to only under special conditions. The sexmal colls themselves 
became further difTerentiated into two sorts: small, active male 
gametes, or sperms; and larger, nonmotilo female gametes, or 
eggs, a condition which now' accompanies sex-uality so commonly 
that instances of equal gametes are comparatively rare. The 
causes which led to the development of sexual reproduction are 
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unknown, but the process is so nearly universal, not only among 
plants but throxighout the animal kingdom, that it apparently 
must have some special significance. There is evidence that 
sexual fusion results in increased vigor, particularly when the 
two gametes come from different individualsj but many plants 
are also known which may reproduce indefinitely by various 
asexual processes without evident loss in vitality. A considerable 
proportion of the activities of plants, however, seems to be 
devoted to the successful accomplishment of the sexual process. 

Alternation of Generations .—These three steps in plant evolu- 
—the appearance of the multicellular individual, of func¬ 
tional and structural differentiation, and of sexual reproduction— 



Spore-Plant Spore 

tSporophyte) 


t 

Sperm 

Sexiiol Plont Oometc^ 
(GometephytO 



Spore-Plant 
(Sporophyte) 



I'lo, 263,—Tbo alternation ot generations in a fern. 


occurred also among animals. A fourth belongs exclusively 
to the plant kingdom. It is the evolution of that remarkable 
double life cycle kno^^^l as the altemalion of generations (Fig. 253), 
a process simple enough in its underlying principle and in its 
expression among some plants, but which in other groups leads 
to many complexities. It is impossible to undei'stand this 
process clearly until one is familiar ^vith the life histories of 
representative members of the main groups in the plant kingdom, 
and its development can best be discussed in detail under these 
various groups. 

In brief, it involves the occurrence of two distinct phases 
in the life history of the plant, each of which produces the other. 
One phase or generation, the gametophyte, bears male and female 
sexual organs and produces gametes, which fuse and effect 
fertilization. The fertilized egg does not develop into another 
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gamete-bearing individual, however (as it does in animals), 
but into another phase or generation, the sporopfnjte, wliich 
does not bear sex organs, but instead produces a large nuinh(*r of 
spores, each of winch develops into a new gametophyte. 

The character and relative extent of these two phase.s ditTer 
considerably in different groups and in the lower plants arc 
subject to mud) variation. It should be remembered that in all 
organi.sms which reproduce sexxially it is necessary to ha\'e at 
some point in the life cycle a reduction division {mciosh) of the 
nucleus whereby the number of chromosomes, doubled at 
fertilization through the union of two cells, is halved again (Fig. 
198). In animals, this occurs immediately before the formation 
of sex cells, which are the only ones with the halved or haploid 
chromosome number. In plants, however, there may often be a 
considerable development of vegetative tissue after the reduction 
division and before gamete formation. This phase of the life 
cycie, in wiiicli all the cells are haploid and which begins witii the 
reduction division and terminates with the formation of gametes, 
is the gametophj'te. The diploid pliase, from fertilization to 
reduction, is the sporophyte. Both phases are portions of tlu* 
cycle of sexual reproduction. A distinction should be recognized 
betw’ccn the spores thus formed by the sporophyte through 
mciosis and other types of spores which hav'c no part in tlie sexual 
cycle but are merely single cells which are set apart to reproduce 
the individual vegetativcly. 

In many of the thallophytes almost the entire life cycle is 
gametophyte, reduction occurring in the first divisions of the 
fertilized egg. In others it is almost all sporophyte, essentially 
the animal condition. Others show' varying degrees of relative 
development of these tw’o generations wliich in many cases, and 
perhaps primitively, are both vegetative plants and entirely 
similar in everything save method of reproduction. 

In the mosses the gametophyte is the dominant and con¬ 
spicuous generation and constitutes the “plant,’* the familiar 
long-stalked moss sporophyte being nothing more than a spore¬ 
bearing structure developing directly from the fertilized egg 
and attached to the body of the gametophyte. In the ferns and 
their allies it is the sporophyte rather than the gametophyte 
which is large and conspicuous. Here it develops roots, stems, 
and leaves and has become the dominant stage in the life history. 
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This fern plant bears on the back of its leaves enormous numbers 
of minute spores. Each of these, under favorable conditions, 
may develop into a small and inconspicuous but independent 
generation, the gametophyte or prothallus, on which the sex 
organs are borne. Here fertilization occurs, and from this sexual 
union de\’elops a young sporophyte which ultimately grows into 
the familiar fern plant again. In the seed-bearing plants the 
sporophyte is still dominant, but the gametopliyte, instead 
of remaining independent and free-living, as in the ferns, has 
become very much reduced and is now borne in the tissues of the 
sporophyte. 

This characteristic alternating type of life cycle is thus 
expressed in very different fashions in the various groups of the 
plant kingdom. In every case, however, the fundamental differ¬ 
ence between a gamete-bearing and a spore-bearing generation 
persists. One advantage of such an arrangement seems to lie 
in the fact that it multiplies gieatly the results, presumably 
beneficial, of a single sexual fusion. Instead of producing only 
one new organism, the fertilized egg now indirectly produces, 
througli the development of a spore-bearing plant, a very large 
number of new plants. 

As to how the alteniation of generations arose there have been 
two theories. The antithetic theory regards the sporophyte 
as an essentially new and different phase, arising from the 
aquatic and alga-like gametophyte in response to life in a dryer 
environment. This is based chiefly on conditions found in 
bryophytes and ferns. The homologous theory looks upon both 
as essentially similar in origin but as having diverged in their 
later evolution. The discovery of the alternation of generations 
in many algae and the similarity there between the two genera¬ 
tions gives strong support to this theory. 

The hivasion of the Land .—The sixth great fonvard step in 
plant history was the evolution of a type able to grow in the 
air rather than in the water, thus making possible an invasion 
of the dry land and the establishment there of a real terrestrial 
vegetation. Plant life probably began in the sea. Here also, 
doubtless, took place the first great steps in the evolution of 
the vegetable kingdom; and although the seas teemed with 
life, the land masses of the earth were probably for a very 
long period of time barren wastes or at best covered in their 
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damper spots onl3' with a scum of algae. This great area was 
open freely to whatever plant j)ioneer should be able to master 
the difficulties of such an em ironment. 

These difficulties were many and formidable. First and most 
serious among them was the problem of maintaining, in such 
dry surroundings, a sufficient supply of water for protoplasmic 
activity. When the whole plant body is immersed in water, as 
is the case in primitive and lowlj' forms, an ample supply' of 
this substance is always at hand. If a plant part is lifted up 
into the air, however, it at once is exposed to tlie danger of 
water loss throxigh evaporation, which will soon result in death. 
If a plant is to succeed in such an arid environment it must be 
able both to absorb water in large amounts and to hinder the 
loss of water from its tissues by evaporation. Since the soil 
provides the only source of water available to a land plant, it 
is evident that roots or root-like structures must be developed 
to penetrate the soil and absorb water therefrom abundantly. 
A successful accomplisliment of photosynthesis rc(juires a large 
area of clilorophyll exposed to sunlight, and hence broad sheets 
of chlorophyll-bearing tissues, the leaves, “waterproofed” to 
prevent undue evaporation, must also bo evolved. The leaves 
cannot be too close together without depriving one another of 
the necessary light, and they therefore must be spread out and 
separated in some way on an axis, or stem. The region where 
w’ater is needed constantly to replace W’ater loss may thus be 
far distant from the region where it is absorbed, and a well- 
developed conducting system to carry w'ater from root to leaf 
must therefore be differenfiated in the stem tissues. 

Aside from the difficulty of maintaining a sufficient supply of 
water, the land plant also faces problems of a mechanical nature. 
Owing to the buoyancy of water, a plant growing submersed 
therein needs little or no mechanical support. If it grows in 
the air, however, there is much weight to be carried and a heavj' 
strain to be borne by the stem, especially in its low’er portions. 
An extensive development of thick-w'allcd skeletal and supporting 
tissue is thus necessary, especially in the stem, if the plant is to 
be kept firm and erect. 

In order to be able to thrive on land a plant therefore must 
possess successfully functioning roots and leaves and a stem 
able to serve as an efficient means of conduction and support. 
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Sucli structures are unkno^\'n in the thallophytes, and these 
plants tlicrefore ha^■e never been able to invade the diy land 
and to produce a true terrestrial vegetation, although they often 
thrive in moist situations on land and may survive long periods 
of dryness in a dormant state. 

Tlie fii-st plants to invade the land successfully were those 
wliich we call the \'ascular Plants, or Tracheopliytes, which are 
distinguisiied from the lower types by the possession of fibro- 
^■ascular tissues—xylem and phloem. T.he elongated, thick- 
walled cells of the xylem afford effective meclianical support 
ami a ready means for the rapid conduction of water; and the 
phloem cells are well adapted for the dilhcult task of the trans¬ 
location of manufactured food. The gap between the primarily 
water-inhabiting thallophytes, on the one hand, and the primarily 
land-inhabiting vascular plants, on the other, is the widest 
in the plant kingdom, and the invasion of the land, aside from 
being one of the most important and dramatic events in the 
history of plants, is thus the step which was responsible for the 
dilTercntiation of these two major groups. 

In vascular plants the dominant generation is the sporophyte, 
which seems to be particularly well adapted to terrestrial life. 
Here for tlu* first time occur true roots—large, vigorous, much- 
branched structures, each terminating in a mass of root hail's 
and well suited for rapid absorption and strong anchorage. The 
leaf is large and relatively thick, has a well-developed mcsophyll 
of thin-walled cells, and is provided with abundant air spaces, 
the whole structure being covered by a stout epidermis to cut 
down evaporation. The necessary passage of gases between 
the outer air and the internal tissues of the leaf takes place 
through characteristic pores, or stomata. The stem reaches a 
stmctural complexity nowhere exceeded among plants, the 
tissues for support and conduction • being particularly well 
developed. The evolution of the true root, the true leaf, the 
stoma, and the highly differentiated stem made it possible for 
early vascular plants to produce the vigorous and abundant land 
vegetation which covered the earth in ancient times; and from 
this group have come the seed-bearing plants, which form the 
bulk of the terrestrial vegetation of today. 

The first vascular plants were doubtless vei*y different from 
those with which we are now familiar, but a suggestion of what 
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thcj’ may have been like lias recently been Rained through a study 
of some ver>’ ancient fossils from the Silurian and Devonian 
periods, vhen the invasion of the land had but recently been 
accomplished. These plants (Figs. 328 and 320), now called the 
Psilophytales from their le.sernblance to the remarkable living 
genus Psilotinn, consisted of little but a stem whieh branehed 
repeatedly by dichotomous forking and was often terminated 
by a spore case, or sporangium. True roots were lacking, absorp¬ 
tion being accomplished by root-hair-like rhizoids. Typical 
leaves were also ab.sent, but the stems, which doubtless them¬ 
selves carried on photosj nthe.''is, were often covered with spines 
or scale-like structures. Internally, however, the stem sliowed a 
clear dilTerentiation into fundamental and fibrovascular tissues, 
the latter consisting of typical .\ylem and phloem cells. 

These early vascular jilants, which many believe to have 
originated direcrtlj' from the algae rather tlian through the bryo- 
phytes, were numerous and varied in Devonian times, and from 
them ap|)arentlj' evolved, through sciveral dilTerent lines of 
ascent, the various groups of v’ascular plants with which we ar<* 
familiar today, in which typical roots and leaves have be<‘n 
developed. 

The Evolution of the Seed .—The last great progre.ssivc move¬ 
ment to be considered is the comparatively recent one (geo¬ 
logically speaking) which carried tlic process of reproduction to 
a still higher degree of efhciency and resulted in the development 
of that mo.st perfect of reproductive stnicturcs, the seed. 

The production of seeds is the distinctive feature of those 
plants which are now the most successful of all the Iiighcr mem¬ 
bers of the vegetable kingdom. The spore ha.s several obvious 
di.sudvantages as a means of producing a new plant, owing to 
its minute size. Among the lower plants these diflicultics are 
partially overcome by the production of spores in cnormoiis 
quantities, but the system of independent, free-living gameto- 
phytes, developed from single-celled spores, is subject to many 
diflicultics at best. In the seed-bearing plants, as in a few of the 
most advanced of the spore-bearing forms, there are two kinds 
of spores —microspores and megasporcs —which produce male and 
female gametophytes, respectively. The happy innovation 
introduced by these highest plants was to retain the single 
megaspore within the spore case, intimately attached to the 
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mother plant, where it germinates into a much-reduced female 
gametophyte. This whole structure, vdth the addition of a coat, 
or integument, is the ovule. Only a few o^’^.lles, in comparison 
with the great number of spores formerly produced, arc borne 
by the plant. The microspores (pollen grains) are still liberated 
into the air in great numbers, just as among lower plants; l>ut 
instead of falling on the ground and germinating there, they are 
carried to the ovule or near it, where each produces two male 
gametes, one of whicli may fertilize the egg. 

Not only have the seed-bearing plants abolished the delicate, 
free-living gametopliytes, with all the consequent dangei*s and 
difhculties in the process of reproduction, but they have also 
establishe<l a much more successful method for insuring the 
growth of the young plant. The fertilized egg grows at once 
into the embiyo, which draws the materials for its development 
directly and abundantly from the mother plant and is thus 
relieved of the necessity of producing them by its own activity. 
About the embr>'o is deposited a supply of concentrated food 
in the endosperm. The growth of the embryo ceases after a 
young root and one or two primitive leaves have been formed; 
and embryo and endosperm, tightly inclosed in the integument 
of the ovule which has become very tough and strong, is now the 
seed (Fig. 199). Tliis becomes detached from the parent plant 
and may remain in a dormant condition for a long time, some¬ 
times many years; but on the occurrence of favorable conditions 
it will germinate, and the embryo %vithin it will begin to grow, 
bursting its shell, absorbing the stored food, sending forth roots 
and leaves, and rapidly developing into a new plant. The many 
advantages of reproduction by seeds over the old method of 
wind-blouTi spores and independent gametophytes are obvious, 
and it is easy to see why seed-bearing plants have become so 
dominant and successful. 

The seed habit apparently has arisen in several independent 
lines of vascular plants, but among living forms it is confined 
to the gymnosperms and the angiosperms, related groups which 
have evolved from the fern series. 

The Main P lan t Groups and Their Relationships.—The plants 
of today are evidently but a small fraction of those which have 
existed in the past, the others having flourished and disappeared 
during the long history of the plant kingdom. No complete 
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picture of plant evo!\ition is now possible, for even with the great 
help offered by fossil plants, there are many gaps in the record 
which we cannot fill. It is the task of the taxonomist to arrange 
the surx'ivors, now numbering more than a quarter of a million 
species, according to their true relationships, placing together 
those which have descended from the s:iine anee.stral stock. Such 
a trulj' natural classification is much more difficult to constnict 
than is an artificial one in which groups are established accc)rding 
to their possession of some arbitrarj* character (such as number of 
stamens or height of stem) which may have nothing at all to <lo 
witli their tiiic “genealogical” or phylogenetic relationships. 
The problem is made more difficult by the fact that evolution 
has not progressed along a single line of advance ljut along many 
<lifferent ones which converge in a common anc<»stral stock so 
very far back that their relationsliips nr<* impossible to <liscover. 
Tlie task of segregating the plant kingdom into s<*veral main 
natural groups is tlierefore a difficult or impo.ssible one, for the 
plant population of the earth today probably includes the 
descendants of stocks wliich have been <Iistinct for so long that 
their original relationsliips are cjiiite obscure. The major 
divisions which we recognize today are therefore to a considerable 
degree artificial assemblages, valuable f«)r their convenience in 
classification rather than as expressions of natural relationship. 
Progress in knowledge of plant evolution, however, will doubtless 
make possible a closer and closer approach to a natural classifica¬ 
tion, even in these major groups. 

The evidence useful for assembling plants into groups accoril- 
ing to their true relationships comes from various sources. 
General external resemblance is of course the most obvious 
criterion, but it is recognized that in the course of evolution 
some characters are relativclj' variable and thus comparatively 
useless for determining broader relationships, whereas others arc 
relatively slow to change and thus of much more value. There is 
no general njle as to what these consen’ative characters are most 
likely to be. In some groups, for example, color is highly 
variable, but in others it is relatively constant. Internal struc¬ 
ture, particufarly in the larger and more complicated plant 
bodies, is also very useful. Even physiological charactei-s, such 
as ability to grow in certain definite chemical or physical environ¬ 
ments, is sometimes employed to determine relationships, and 
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in the bacteria is particularly valuable. If it were possible to 
fill up the great gaps between living plant groups by a knowledge 
of the “connecting links” which once existed between them but 
are now long extinct, many problems would be solved, and it 
is here that a study of fossil plants has proved exceedingly 
valuable. This fossil record, despite the very great gaps which 
admittedly exist in it, offers the surest sort of evidence for a 
leconstniction of plant evolution, and our modem conceptions of 
the relationships between the higher plant groups have been 
strongly influenced by evidence from this sotnee. With the 
lower, softer-bodied plants, which were rarely fossilized, it has 
proved of much less value. 

No line of evidence is conclusive in taxonomic problems, 
and the student must weigh them all and draw his conclusions 
from a careful consideration of all the data at hand. It is quite 
impossible with our present knowledge to construct a system of 
classification which is perfect and final, and since many conclu¬ 
sions must be based on individual judgment rather than on 
definite proof, there is m\ich difference of opinion among botanists 
as to how the plant kingdom should be classified. It sliould be 
realized tluit any system proposed is a tentative one and is subject 
to alteration as new knowledge becomes available. 

The two major groups—thallophytes and vascular plants— 
which are recognized in the present book are both highly hetero¬ 
geneous. This is especially true of the thallophytes, which 
undoubtedly include many independent plant groups that are 
only distantly related to each other. The viiscular plants are a 
somewhat more compact series and seem all to have arisen from 
forms like the Psilophytales, which first invaded the dry laud. 
These ancient types evidently evolved in three directions, which 
can now be clearly distinguished—the group represented by the 
living lycopods and their ancestors (the Lycopsida); the group 
represented by the living genus Equiselum and its fossil allies 
(the Sphenopsida); and the group represented by the living ferns 
and the now dominant seed-bearing plants which have descended 
from them (the Pteropsida). The production of seeds, a charac¬ 
ter long used to set apart the gymnosperms and aUgiosperms as 
“seed plants,” can hardly be employed in such a general way, 
since the seed habit has evidently evolved independently in a 
number of different groups. The bryophytes, or mosses and 
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their allies, arc probably not on the main lino of ascent from 
lhallophytcs to vascular plants, as was long thought to be the 
case, but seem to constitute an independent sitle braneli some¬ 
what intermediate between the two main groups but closely 
related to neither. 

QUESTIONS FOR THOUGHT AND DISCUSSION 

717. U’hat reasons can you sugge.st for the fact tliat tlie main phuit 
groups differ bo much from each other in number *A species? 

718. Do you think that the first organi.sms to appear on earth were 
more like plants or like animal.s? I-'xplain. 

719. It is generally agreed that the earlie.st plants livetl in the water. 
What e^•idence is there for this? 

720. What important acti\'ities of jdants seem to be dependent on 
the presence of a nur lcus, ami which ones do not seem to be? 

721. What advantage.s are gaine<l by the difTerentiation of various 
structures (such as nuoleu.s anti plastid.s) within the cell? 

722. What are the atlvantages anti disadvantages of a many-celled as 
compared with a single-celletl plant? 

723. What criteria may he used to determine whether n group of cells 
i.s a colony or a single i)lant individual? 

724. Wliy were the sexual cells i)robal>ly among the first ones to be 
flifTerentiatetl from the ortlinary body cells of the plant? 

726. In general, is there a higher degree of difTerentiation in the both, 
of a water plant or of a land plant? Explain. 

726. What other advantages arc there, aside from increased vigor, 
which sexual rcjiroduction may confer us compared with asexual? 

727. In sexual reproduction, what is the advantage in having the tw») 
tyj>e8 of gametes (male ami female) so radically dilTcrent from one 
another? 

728. Gametes, particularly mule gametes, arc often motile when all 
the other cells of the plant arc not. Explain. 

729. What various advantages and disadvantages can you suggest 
in the possession of an alternation of generations? 

730. Why should it be that the alternation of generations, so well 
marked in lower plants, has practically disapjjeared in the highe.^t ones? 
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731. Why should the alternation of generations be almost entirely u 
feature of the life histories of plants rather than of animals? 

732. In some species there occur, either naturally or as the result of 
special treatment, sporophytes which are haploid, and, in others, 
gametophytes which are diploid. What bearing have tlie.sc facts on 
the problem of the origin of the alternation of generations? 

733. If the gametophyte is diploid, what will be the chromosome 
number in a sporophyte arising from it? 

734. A sporophyte sometimes develops directly from a vegetative 
roll of the gametoph>de {apogamy). What will be its chromosome 

number? 

736. A gametophyte sometimes develops from a cell of tlie sporo¬ 
phyte (apospory). What will be its chromosome number? 

736. Which were probably the first organisms to migrate from the sea 
to the land—plants or animals? Explain. 

737. When the first plants invaded the dry land, with what kind of 
soil did they probably find it covered? What important changes did 
the presence of plants make in the soil? 

738. Clive a description of the probable appearance of the land surface 
before the evolution of the vascular plants. What regions on earth 
today do you think it most closely resembled? 

739. What effect did the evolution of the vascular plants probably 
have on the abundance of land animals? Explain. 

740. What similarities can you suggest between the evolutionarj' 
history of thallophytes, bryophytes, lower vascular plants, and angio- 
sperms in the plant kingdom and that of fishes, amphibians, reptiles, and 
mammals in the animal kingdom? 

741. What are the advantages of the seed over the spore as an agency 
of reproduction? 

742. \Vhy have seed-bearing plants largely superseded spore-bearing 
plants as the dominant element in the vegetation of the earth? 

743. In what way has the evolution of seed-bearing plants proba 1/ 
changed the characteristics of plant-eating animals? 
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THE THALLOPHYTA 

The simplest and most primitive meinbei>i of the plant king¬ 
dom maj' he grouped together as the Thallophyta, or tliallo- 
phytes. This is a huge assemblage of species, nearly 85,000 ifi 
all, which display a wide variety in their structure and life his¬ 
tories. The name “ thallus plants'* refers to the character of their 
^’egetative body, which is tyj)ica!ly a Ihallus, or m:iss of tissue 
with little differentiation into such diverse organs as are found 
among the higher plants. It is us\ially rather small and is often 
minute. These plants are also relatively simple in their r(?produc- 
tivc stincturea. The sex organs are almost always one-celled, 
whereas in plants above this group they are always multicellular. 
Where many-celled sex organs do occur in thallophytes, these 
never possess a wall of sterile cells, jis in higher groups. The 
spore-bearing organs arc also always single-celled in contrast 
to the invariably many-tjelled stmctures of higher plants. 

The group is by no means a homogeneous one and doubtless 
contains a considerable number of divergent lines of evolutionaiy 
ascent which liave no very close relationship to one another. 
This diversity manifests it.self in the size of the plant body, the 
degree of its differentiation, its physiological activities, its 
habitat, its methods of reproduction, and many other differences. 
The evolution of the nucleus, of the multicellular plant body, 
the beginnings of vegetative differentiation, the origin of sex, the 
development of the saprophytic and the parasitic modes of 
life, and the first steps in the direction of an alternation of genera¬ 
tions arc among the important evolutionary events which have 
taken place in this immense and basal division of the plant 
kingdom. 

In methods of reproduction thallophytes arc particularly 
diverse. Asexual reproduction may be accomplished either 
by the division of an entire unicellular individual into two by 
fisfnon or, much more commonly, by the formation of unicellular 
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spores of various sorts. In aquatic forms these arc usually 
motile, swimming about by means of cilia or similar organs, and 
are then known a.s zoospores. In species li\’ing in the air they are 
varioiis in form and origin an<l are dispersed by the wind. Sexual 
reprodiu’tion is accomplished by the conjugation of similar 
gametes to form a zygospore, in which case tlic species is said to 
be isogamous; or l)y the union of dissimilar gametes (male and 
female) in fertilization to form an oospore, such types being termed 
heterogatnous. There is often a i>!»ysiological differentiation 
between tlic two sexes even when tliis is not evident exteniallv. 
In such cases two similar gametes will not \inite, even wlien they 
come from two different plants, unle.ss the plants wliich bear 
them are opposite in sexual tendency. Sucli forms arc termed 
hctcrothaUic, in contrast to the homotliallic ones where tlie plants 
are all alike and union may occur between two gametes from 
the same individual. 

^'hcrc is mucli diversity in nuclear behavior and alternation 
of generations in thallophytes. In many, the entire plant body 
is gametophyte, bearing sex organs and possessing the reduced 
or haploid chromosome number, and redxiction occurs in the first 
tlivision of the fertilized egg, which is thus the only diploid cell. 
In othere, practically the entire body is sporophyte, and reduction 
to tlic haploid state takes place only just before gamete formation, 
much as in animals. In many types a simple and probably 
primitive condition of alternation is found in which both sporo¬ 
phyte and gametophyte develop vegetative bodies entirely 
similar in character except that one is diploid and produces 
spores and the other is haploid and produces gametes. Still 
more commonly there are differences of various sorts in the 
relative character and extent of the sporophyte and gametophyte 
generations. 

To construct a truly natural classification for this heterogeneous 
group is a very difficult task indeed. The division as a whole is 
usually separated into two main series. The Algae possess 
chlorophyll or a similar substance and thus may live inde¬ 
pendently. Most of them are limited to a watery environment 
but a few are found in moist places on land. The Fungi lack 
chlorophyll and therefore exist as saprophytes or parasites and 
include the multitude of bacteria, molds, mildews, blights, 
nists, toadstools, and mushrooms. Some of them occur in water 
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but they are especially' coniint)n in damp environments or \\ iuae 
the air is very inimid. The fungi have perhaps ari>cn from 
several dilTerent groups of algae, so that tlie two series parallel 
one another somcwliat in their various characteristics. It is 
more convenient to treat each separately, however, pointing 
out incidentally such relationships as seem clear between various 
groups in the two scries. 

1. THE ALGAE 

Algae are extremely diversified and evidently’ represent several 
lines of evtdiitionary descent, so that the group as a wlude is 
probably somewhat artificial. Almost all of its members live 
in the water. Most arc in the sea, whore they doubtless first 
appearetl, but many are now restrictetl to fresh water. A few 
types live on rocks, trees, or the soil surface and have thus become 
adapted to life in the air, though they thrive best only when 
th(*ir surroundings liavc become relatively moist. Many algal 
species are ^’ery widely distributed. ()thei*s are restricted to 
specific environments, but these may be very diverse, for some 
algae live on perpetual snow, others in hot springs at very high 
tcmjieratures, and still othei*s in brine lakes where the osmotic 
concentration is far too great for any other plants to exist. 
Some species arc large and conspicuous but most of them arc 
microscopic in size. Algae form an important part of that host 
of minute plants and animals wliich swim or float freely in the 
sea or in fresh water an<l are knowm collectively as the plankton. 
This constitutes the chief food supply for most small aquatic 
animals which, in turn, are eaten by fisli and other larger animals, 
and is<<hus of great economic importance. 

The algae can best be chissified by the use of characters from 
the vegetative rather than from the reproductive organs. Four 
major groups (in addition to a number of lesser importance) are 
generally recognized. These arc the Blue-green Algae, the 
Green Algae, the Brown Algae, and the Red Algae. The first 
two groups arc common in both fresh water and salt, but the last 
two are confined almost entirely to the sea. 

Myxopbyceae, or Blue-green Algae.—These arc the simplest 
and lowliest of all green plants. The body consists of a single 
cell, but in most species these cells tend to adhere in colonies 
which are usually thread-like rows, or filaments. The cell itself 
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is very simple, lacking the nucleus, sap cavity, and chloroplasts 
so charactciistic of other green plants. Its cytoplasm may be 
homogeneous, with the pigment evenly dispersed, or a colored 
outer zone and a colorless inner one may be rbughlj^ distinguish¬ 
able. The latter perhaps represents a primitive nucleus. The 
pigment, which seems to be dissolved directly in the cytoplasm 
and never confined to definite plastids, is \isually blue-green in 
color and is probably a combination of chlorophyll with a blue 
pigment, phycocyanin. Both of these may be concerned with 
photosynthesis, but this as yet is uncertain, for knowledge of the 
photosynthetic process in the blue-green algae is far loss complete 
than it is for higher plants. A red pigment is also sometimes 
present. It seems clear that the product of photosjmthesis 
is not glucose, as in ordinary plants, but glycogen, which is 
often found in fungi aiul which also constitutes the common 
storage carbohydrate in animals. Tliere is good evidence that 
some of the blue-green algae may utilize the nitrogen of the air 
in their nutrition, just as do the nitrogen-fixing bacteria. The 
cell wall, which seems to consist of pectic compounds with 
cellulose, is typically thick and mucilaginous; and in many 
species a group of cells becomes embedded in the gelatinous 
mass derived from their walls so that a large, jelly-like colony 
l esults. On the occurrence of unfavorable conditions for grow’th, 
heavy-walled “resting cells,” or spores, may be produced. Cell 
division is vei*y simple and shows none of the elaborate phe¬ 
nomena of mitosis, the cell merely becoming constricted by the 
grow th of a new' wall until complete separation into two cells 
has taken place. Little differentiation is evident, although 
peculiar large, transparent cells frequently appear in 'certain 
species. Reproduction consists merely in cell division or 
fission, and no instances of sexuality have ever been observed 
in the class. In this respect the blue-greens differ from other 
algae but resemble bacteria, and these two groups have therefore 
sometimes been placed together as a separate division of the 
plant kingdom, the Schizophyla, or Fission Plants. 

The blue-green algae live in both salt and fresh water and are 
able to grow at higher temperatures than can any other plants, 
often thriving in the water of hot springs at more than 76®C. 
Most species prefer water w'hich is dirty and full of organic 
matter, and some may even be found on damp soil, rocks, and 
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other situations which are exposed to the air. They have been 
reported as fossils from some of the most ancient rocks. 

One of the simplest examples is Glaeocapsa (Fig. 254, D), a 
minute, single-celled alga with a veiy gelatinous wall. As an 
individual divides, the resulting cells of the fii-st generation, and 
usually those of the third and fourth, are held together, embedded 
in their swollen cell walls. In Oscillatona (Fig. 254. .4) the cells 



H 

Fio. 254.—Dluo-grccn ulKau of variowt A, Oa 0 iIltUoria: li, Lynghva, 

ehowing hormogonia; C, Anabaenn, with hctorocyat and spore; D. GlaetMipaa; 
E, colony of /iivularia; P, filament of Noatoe. with hotorocyst; G. colony of 
Noatoe, natural aizo; H. fiianiont of Itittdaria, with hctcrocyst. \g and H after 
Enijler and Prantl.) 


are all alike and pressed flatly against one another in long fila¬ 
ments. The gelatinous wall is so poorly developed that these 
filaments are free in the water, where they sway or rotate slowly. 
The cause of these movements has long been a puzzle to botanists. 
In Nostoc (Fig. 254, F, G) the cells occur in groups which arc 
joined loosely into filaments somewhat resembling strings of 
beads. These may be embedded in a jelly-like substance, the 
whole colony often reaching a diameter of a centimeter and 
containing hundreds of filaments. Here and there along the 
filament are found large, empty cells called helerocysis. Their 
function is not definitely known, though in some cases they act 
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as spores. They may sometimes be concerned in breaking up 
the filament into short segments, or hormogonia, -which slip out 
of the inclosing wall and establish new colonies. Under certain 
(■{inditions occasional cells may become greatly enlarged and 
tliick-walled and are thus well adapted to survive unfavorable 
conditions. Some of the higher blue-green algae show branch¬ 
ing, ami in Ilivularia (Fig. 254, E, 11) the filament tapers to a 
tinely pointed apex. 

Chlorophyceae,or Green Algae.—This class is by far the largest 
of the four groups of algae, and its members are very diverse. 
They contain chlorophyll and its associated carotene and 
xantiiophj'Il but usually no other conspicuous pigments, and the 
bright green color which the plant l)ody thus displays has given 
the class its name. It is well represented in both fresh and salt 
water, and a few species thrive in damp situations on land. The 
cell is much more highly differentiated here than among the blue- 
green algae, possessing a nucleus, one or more chloroplasts (often 
called chroinalophores), and usually a sap cavity, thus resembling 
in its essential details the cells of the higher plants. Pyrenoids, 
or centers of starch formation, are prominent in the chloroplasts. 
'I'hc plant body may consist of a single cell, a colony, a filament, 
or a plate of cells. Most species (though not all) produce 
zoospores, motile reproductive colls which swim about by the aid 
of one or more lashes or cilia and which grow directly into new 
]>lants. These are developed in modified cells, or sporangia. 
^’arious types of sexual reproduction are also found in this class, 
ranging from instances where the gametes are entirely similar to 
those where they have become markedly differentiated into 
sperrns and eggs. In most forms the plant bodj' is gametophytic, 
but there are frequently two alternating vegetative types, entirely 
similar except that one is gamete-producing and the other 
spore-producing. Because of all tliis structural diversity and of 
the fact that they are thought to be near the main line of ascent 
from lower algae to the higher plants, the Chlorophyceae have 
received intensive study, particularly with regard to the develop¬ 
ment of the multicellular individual, the evolution of sex, and 
the altemation of generations. 

This great class has been divided into a number of more or less 
homogeneous groups, though the relation of these to each other 
is not always well understood. The characteristics of each of 
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these groups may be presented most clearly by describing several 
typical members of each. 

One-celled and Colonial Green Algae (Volvocalcs ).—Tlicse are 
chiefly microscopic i)lants, and the individuals are singlo-c(*lletl, 
although thej' are often looselj’ joined into colonies. Many of 
the forms are able to move about activclj' by means of minute, 
thread-like cilia. 

Carteria (Fig. 255) is t^^^ical of the more primitive members of 
the order in being a free-swimming form. Insi<lc the delicate 
but firm cell wall the space is nearly filled with a .single massive 
chromatophore (chloropla.st), somewliat like a thick-b()ttome<l 



Fio. 265.— Carteria, vogetativo coll, showing niaArtivc chromntophoro, 

coniructilo vacuoles, cyespot. nucleus, and pyrenoid; H, beginning of cell divi¬ 
sion; C, four diiuglitcr cells dcvelof>od within the mother cell wall; /?, gametes; 

conjiigation; f*, gamete proloplnata slipping out of their walls; (7, f^ision 
cornplolod, motile rygotc free from gnmeto walls; //, thick wall developed about 
I ho resting zygospore* {A^D after Hazen, E^H after <yora<cAafi/;in.) 

cup in form; the hollow of this structure is filled with colorless 
cytoplasm in wiiich the nucleus lies. From a point at the top of 
this colorless portion four delicate protoplasmic threads, the 
cilia, extend out through the cell w’all. At their base arc two 
contractile vacuoles, which pulsate rhythmically in altenmtion, 
discharging their contents often at intervals of fifteen seconds. 
A pyrenoid, often allowing a slicath of starch grains, lies in the 
basal part of the chromatophore; and the red pigment spot (often 
called the “eyespot") is toward the anterior end. Either w’hilc 
the cell is still actively sw’imming or after the retraction of tho 
cilia, the protoplast may divide into two or four daughter cells, 
which secrete new walls and develop their owm cilia before they 
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escape by breaking through the wall of the mother cell. These 
daughter cells, or zoospores, soon grow to the normal size. 
Under certain conditions smaller, but other\\'ise similar, motile 
cells are formed, usually by the division of the mother cell into 
eight, and these, after a brief period of very active motility, unite 
in pairs. These are the gametes, and in this case their evolution 
from ordinary zoospores or vegetative cells is very clear. The 
cell formed by their union continues active locomotion for a time 
(sooner or later throwing off the gamete walls), showing two eye- 
spots, two pyrenoids, and two nuclei. Presently it comes to rest, 
draws in its eight cilia, the two nuclei fuse, and a new thick wall is 



A B 


ViQ, 25C.— Chlnmydomonas. A, individual plant* showing the two contractile 
vacuoles under the base of the cilia* the eontral nucleus, tlio **oyespot," and tho 
crescent-shaped pyronoid embedded in tho maasivo chroinatophoro. B, union 
of two gainotos. In most instancos these gametes are equal in siso but in the 
rase figured they are distinctly different* (After Goroechankin,) ' 

secreted about this zygospore. Sexual reproduction is thus 
isogamous. Carteria may be regarded as a fundamental form, 
for there are many genera among the higher green algae which 
produce four-ciliate zoospores very similar in character to the 
vegetative cells here. 

Chlamydomonas (Fig. 256), much more common and better 
kno^^^l than Carteria, has cells of entirely similar character except 
that the cilia are reduced in number to two. In some species 
two sister gametes will unite, and the species is thus homothalUc 
and isogamous; but in others the gametes, although similar, must 
come from different individuals, of opposite tendency, if they 
are to unite. Such heterothallic species thus show the beginning 
of sexual differentiation; and this has progressed still farther 
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in others, where there is a definite difTerence in size between the 
fusing gametes, the species thus lia\'ing attained hcterogamv. 

In Sphacrella, closely related to Oilamydomonas, most species 
have a red pigment in the cell sap, and one of them is responsible 
for the remarkable phenomenon of “red snow.” 



2%»7.— Voltoz. At left. Klobulnr colony of hioiliato individual.s. with 
three dauKhtcr colonics developinR in ito interior. At right, sexual reproduction. 
A. group of sperms dcvcloi>ed witl.in a single coll; IS. sperms; C. fertilized oaa 
or oa»i>oro. (A-C after Cohn.) ^ 





tin. 258.—Ccll« of a Voivoz colony, each with two flugclla. a hasal ehloro- 
ploat, and a largo pyronoid, tho wholo oinbeddod in a gelatinous prism. (From 
J . Metznar.) 

There are a number of other algae with cells similar to Chlamy- 
domonaa except that they are united into loose colonies of ciliated 
individuals. In Pandorina the colonies consist of from four to 
thirty-two indiWduals embedded in gelatin and with their cilia 
directed toward the outside. Gametes are also formed in 
colonial groups. These la.ter break up into individual c-ells 
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whicli th('n fvise in pairs, one member of which (presumably the 
male) is somewhat smaller than the other. The group cu - 
minates in the large, hollow, spherical colonies oi Volvox (Fig. 
257) which often consist of thousands of cells (Fig. 258). In 
these higher forms the sperms are markedly different from the 
eggs, and the cell formed by their union is thus a fertilized egg or 
ohsp’ore (Fig. 257, C). It should be noted that cells resulting 
from sexual fusion (zygospores and oospores) are typically thick- 
walled and capable of resisting such unfavorable conditions as 
drought and low temperature and of germinating to produce new 
jilants whenever a suitable environment again appears. 

Related to these algae are several other groups of unicellular 
motile organisms which are sometimes placed in the plant king¬ 
dom and sometimes in the animal and 
which arc often grouped together as 
the Flagellates, since they commonly 
move by a single whip-like jlagdlum. 
Particularly alga-like arc Euglcna and 
its allies. In this genus most species 
have green chloroplasts but others 
lack chlorophyll and live like animals. 
All forms have a characteristic “eye- 
spot.” The Dinoflagcllates (Fig. 259) 
are another group of somewhat simi¬ 
lar plants, but their photosynthetic 
pigments are typically yellow-browm 
instead of green. Some species are 
colorless. Most dinoflagcllates are 
marine, and they form an important 
part of the plankton. Flagellates 
have naked cells without cellulose 
walls, but in most dinoflagcllates 
sculptured walls are present. These 
groups resemble in many respects cer¬ 
tain of the Protozoa, and may form a 
connecting group betw'een the plant and animal kingdoms. 

In another group of simple algae the body cells are nonmotile, 
independent movement being limited here to the zoospores and 
the gametes. The individuals are usually united in colonies 
w'hich are simple, few'-celled plates in Pediaslrum (Fig. 260) but 



Fio. 269.—A dinoSagellato, 
Gymnodin\nv%, showing trana* 
vorso and vortical furrows. 
{From O. -U. Smith.) 



THE TIIALLOPHYTA 


473 


form a complex network in the water net, 7Iijdrodt^lyo7\ (Fig. 
260- The zoospores do not escape from the mother plant and 
swim about, as is usually the case, but the group of zoospores 



1 * 10 . 2(S0,-~Pcdia9tritm. colony with zoospores c^capinKI ^warniintc 

zoo5porofl! C-1?, stages in formation of daughter colony mthin a coll. {From 
O. M. Smiih.) 


formed within a single mother cell displays the remarkable habit 
of uniting, while still within this cell, to form a young minute 
net of nonmotile cells which is finally 
liberated and grows into a mature 
colony. Sexual reproduction also 
takes place in Hydrodiclyon, the 
gametes being formed in the same 
way as the zoospores, but escaping 
from the mother cell by a hole in its 
wall and uniting outside. 

Near these belongs the simple alga 
Chlorclla which occurs on soil and 
other damp situations as well as in 
the bodies of certain animals such as 
Hydra. It is often used in experi¬ 
ments in plant physiology, especially 
those concerned with photosynthesis. 

Filamentous and Membranous Green Algae {Ulolricliales ).—In 
this group the cells of the vegetative body are either attached 
end to end to form a thread or Glamcnt or, by divisions in all 
directions but within the same plane, form a delicate membrane. 



I'l o. 201.—// ydrodiciyo$i^ 
Portion of a notliko colony, 
individual cells forming the 
mo^hes of tho net. 
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Most of the common filamentous and membranous green algae 
of both salt and fresh water belong here. They all reproduce 
asexually by zoospores but exhibit various types of sexual 
roj)roduction. The order is large and varied, and many of the 
species within it are but distantly related to one another. A 
fle.scription of several typical members ^^^ll present some of the 
important characters of the group. 

Ulothrix (Fig. 2C2) is a common thread-like alga, its short cells 
each containing a single nucleus and a large, girdle-shaped 
chloroplast. It forms a hairy covering on rocks in cool streams 
am! similar .situations. Each filament is attached to the rock 



C B F 


I'lO. 202.— Ulothrij. /t, pnrt of filainoiit with vegotativo colls; li, formation 
of soospores; C, zoospore; D, gametes; E-F, union of gametes; G, zygote. {From 
O. M. Smilh.) 

or other solid object (its substratum) by a basal cell, wliich is 
narrow, elongate, and generally lacking in chlorophyll and is 
knowTi as a holdfast. The development of this cell, so different 
from those which form the rest of the filament, is an example of 
the beginning of that process of division of labor, or differentia-- 
iion, which is so pronounced in more complex plant bodies. 

Under certain conditions the content's of any cell (except the 
holdfast) may divide into a group of naked zoospores, usually two, 
four, eight, or sixteen in number, wliich escape through a smail 
opening in the side of the cell. Each zoospore has four cilia and 
8\vims about actively for a time but finally settles down on some 
solid object, elongates, and by transverse division, repeated in the 
daughter cells, develops into a new filament. These zoospores 
closely resemble individuals of Carteria. 
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Other cells of the filament may divide into somewhat smaller 
motile cells which have two cilia instead of four but are othcruiso 
hard to distinguish from zoospores. These are the gametes, and 
ultimately they conjugate in pairs to form z^gos[)<)res. These 
do not grow directly into new filaments, but rather tlie contents 


of each, usually after a period 
of rest, form a group of non- 
motilc spore.s or of zoospore.s. 
Each of these may grow into 
a new filament. Ulothrix is liet- 
erothallic, for if the gametes are 
to unite they must be derived 
from plants of opposite type. 

Oedofjonium (Fig. 263) is an¬ 
other common unbranched fila¬ 
mentous form. It is anchore<l 
l>y a more complex holdfast than 
that of Ulothrix, and its cells 
are more elongated and have a 
specialized mode of tlivision 
which results in a scries of “ rings” 
at the apical end of certain of 
the cells. Each cell hius a single 
large, reticulate chloroplast in 
the form of a hollow cylinder. 
In certain (!ells the entire cell 
contents may round up into a 
single large zoospore the ant-erior 
end of which is of clear cyto¬ 
plasm and is surrounded by 
a ring of cilia. The zoospore 
escapes and swims about for 
a time but soon settles dowm, 
attaches itself to the substratum, 



I'lG. 203.—turn 9iOiiuloMunk. 
«'l. fllaniciit with niithoridiuin (a), 
each ceil of which produco8 two 
rtperins; and odgot^itirn (a), contain* 
ins one lurRO ORt;. B, filament witli 
a tluck-walled o55porc (o«) which ha.s 
developed from a fertilized CKff. (\ 
basal cell of u fUatnoni, ^howinie 
holdfaiit* 


and grows into a new filament. 

In its sexual reproduction Cedogonium shows a marked advanc<* 
over Ulothrix in the fact that its gametes, like those of Volvox, arc 
of two sorts and are thus not only physiologically but structurally 
different. Certain cells become much enlarged, and each 


produces a single rounded, nonciliated cell, well supplied with 
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chloroplasts and food material. This is the female gamete, or 
egg, and the cell which produces it (like all egg-producing struc¬ 
tures in these lower plants) is called an oojonium. In other cells 
either in the same plant that produces the female gametes 
(homothallic type) or in a dilTercnt plant (hetcrothallic type), 



Flo. 264. CoJcochaetc. A, disk~lil:c species; D, filamentous species, with 
fruitittf; body; C, antlicridia; D, oogonium; E-F, developing fruiting body after 
fertilization; G. germinating oospore. {From G. M. Smith.) 


the contents divide into two small, motile male gametes, or 
sperms, and each of these sperm-producing cells (like all structures 
which produce male gametes) is kno^m as an aniheridium. 
Antheridia are sometimes formed on special dwarf male filaments. 
One of the sperms enters an egg and fertilizes it, and the oospore 
thus formed becomes very thick-walled. Eventually it is 
liberated and after a period of dormancy germinates into a group 
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of four zoospores, each of which grows into a filament. Chromo¬ 
some reduction from tlie diploid number of the fertilized egg to 
the haploid number of the vegetative plant occurs in one of these 
divisions. 

Coleochacte (Fig. 264) is a fresli-water alga the vegetative body 
of which consists of a flat plate or cushion of radiating fila¬ 
ments. Its cells maj’ produce single large, bicifiate zoospores. 
Antheridia and oogonia are formed much as in Oedogonium, and a 
thick-w’ulled oospore is produced. Following this, how’cvcr, the 
adjacent cells give rise to branches which grow up and surround 
the oospore, forming a distinct spore case or fruiting bod 3 ’. The 
oospore germinates into a group of cells each of whicli ultimately 
forms a zoo.spore which grows into a new plant. In its structure 
and life history Coleochaele is one of the most specialized of 
the green algae and has been regarded bj' manj' botanists as 
approaching the lowest br^-ophytes. 

Protococcus (Fig. 265), which fonns the green coating on <lamp 
bark, rocks, and similar places, is one of the commonest and 
mo.st w'idclj’ distributed of green algae. 

The cell contains one large, plate-like 
cliromatophore. It lias apparently lost 
the pow'er of producing zoospores an<l 
gametes and multiplies through cell divi¬ 
sion, which is of the type found in 
Vlothrix. The daughter (rolls usually 
remain united for a time in small groups 
(or even short filaments) but ultimately 
separate. This is often treated as a one- 
celled type related to Volvox, but its 
structure and method of division liave led to its being regarded 
in modem schemes of evolutionarj' classification as a reduced 
member of the filamentous algae. This or similar algae arc 
often associated with a fungus to form the composite thallus of 
certain members of that peculiar group, the lichens (Fig. 314). 

In all these genera the plant body is gametophytic, its cells 
all possessing the haploid chromosome number, and the only 
diploid cell is the one resulting from the fusion of gametes. In 
some species of the sea lettuce {Ulva) and a few others, however, 
the fusion C5ell (zygospore or oospore) develops into a vegetative 
plant the cells of which thus have the double number of chromo- 



Fig. 2(>^,~Prvtoc4}C^is, 
Singlo cell and two email 
groups of cells. 
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somes. Except for the fact tliat it produces zoospores rather 
than gametes, sucli a plant exactly resembles the sexual gameto- 
phytic plants. In the cell divisions just preceding zoospore 
formation the chromosome number is halved. These zoospores 
germinate into gamete-bearing plants again, and the alternating 
life cycle is thus completed. 

Tubular Ahjac (Siphonales ).—These are distinguished from all 
other algae by the fact that the whole plant body, whether it be a 
simple filament or a well-differentiated thallus, is essentially a 
single cell. The cross walls which divide the plant body of most 
otlier algae and of all ordinary plants into small cells are absent, 
and the mass of cytoplasm with its thousands of nuclei is there¬ 
fore able to circulate freely throughout the whole plant. Such a 
multinucleate cell, of which these plants are extreme examples, is 
known as a coenocylo. 

The tubular algae are chiefly marine forms, especially abundant 
in the warmer seas. They normally form zoospores and in cases 

where sexuality has been proved 
usually produce two motile gam¬ 
etes of unequal size except in 
the genus Vaucheria, which is 
such a familiar and distinctive 
type that it is studied very 
commonly. This alga forms 
the common “green felt” so 
often found on damp soil or in 
muddy pools and consists of a 
tangled mass of coarse, branch¬ 
ing, tubular filaments. The 
plant is different from most 
algae in the fact that pyrenoids 
or centers of starch formation 
are absent from its chloroplasts and that oil rather than 
starch is the type of reserve food. Large multi-nucleate 
zoospores are produced, each of which is merely the con¬ 
tents of the tip of a filament which has been cut off by a wall 
and has escaped (Fig. 266). The sexual organs are not merely 
modified vegetative cells, as in the plants previously studied, but 
are specialized for gamete production (Fig. 267). A cell parti¬ 
tioned off by a wall from the main filament or from a small lateral 



Flo. 2GG.^VailcAcrta. As^oxual n>- 
production. The tip of a filament is 
cut off by a wall and its contents 
becomes a largo soosporo. with many 
nuclei and many groups of paired 
cilia. The soosporo breaks through 
the wall and escapes. {After OoU.) 



THE THALLOFIIYTA 


479 


branch becomes the oogonium, within which a single large egg is 
formed. From the tip of another small hrancli near by is cut olT 
a cell which develops into an antlieridium. The uninucleate 
sperms here formed enter the oogonium, and one of them fertilizes 
the egg, producing a heavy-walled oospore. After a dormant 
period this germinates directly into a new filament. Most 
.species of Vnuchci'ia are liomothalli<’. 



Fio. 267.— Vaucheria. Sexual reproduction. OuRoniu, o, each contuininK u 
Hinglo ogic* Aiithcridiu« a, have di:$char^ed all their sperms and nro empty. A. 
V. t€rTtstri^. li, V. MesMxIU. 



Related to Vaucheria are Valonia and its allies, which grow 
in warm seas. The large bladder-like primary cells are attached 
to the bottom by small rhizoid-like cells. In one species the 
primary cell may reach the enormous size of 2 or 3 cm. in diameter. 
Such a huge cell is of great value in certain physiological e.xperi- 
ments since the sap from its vacuole can be readily extracted 
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in large amounts and analyzed. A study of these plants has 
provided miich important information with regard to the 



Fio. 209,—vlcc/aJiu/arui. Hul>it of 
(X 1/2)* iFroinG, M. SmiihJ) 

9 cm. tall bearing a broad disk- 
anchored by a stout rhizoid. 
ment the relatively huge plant is 


conditions under which dis¬ 
solved substances enter and 
leave a cell. 

Other tubular algae, likefiry- 
opsis and Catderpa (Fig. 268), 
have complex plant bodies with 
prostrate axes and structures 
which resemble roots, leaves, 
and branches, thus proving that 
a high degree of differentiation 
can be attained without the 
division of the plant body into 
cells. 

The “mermaid’s-wineglass,” 
Acetabularia (Fig. 269), belongs 
near the tubular algae. This 
remarkable alga, also from the 
warmer seas, has a stalk 6 to 
shaped cap like an umbrella and 
Throughout its early develop- 
said to have but a single nucleus, 







Fia. 270.—Cells of various species of Spiropyra. {After J. L. Blum.) 
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which remains in the riiizoid. This finally breaks up into many 
small nuclei, which pass up the stalk and 
enter the disk, wliich has now become 
divided into cells. Tlie contents of tliese 
cells form specialized spores which later 
produce gametes. The zygote formed 
by fertilization grows into a new plant, 
which reciuircs several ycai*s to r(‘ach 
reproductive maturity. AccUilmlaria is 
of particular interest to students of de¬ 
velopment, and many experiments on 
regeneration and polarity have been per¬ 
formed on it. 

Pond Scuma ayul Desmids {Conjugates). 

—The plant body of these algae is a 
single cell or an unbranched filament. 

The species arc all confined to fresh 
water and are di.stinguished from other 
Chlorophyceae by the absence of zoo¬ 
spores or other means of ase.xual repro¬ 
duction, the absence of motile cells of any 
sort, the occurrence of large and con¬ 
spicuous chromatophores, and the char¬ 
acteristic manner in which sexual 
reproduction is brought about. 

The Pond Scums, of which Spirogyra 
(Fig. 270) is the common example, are 
all filamentous algae. In this genus the 
chromatophore is a broad, strap-shaped 
structure running spirally around the 
cell, and on it appear a series of small, 
rounded areas, the pyrenoids. The nu¬ 
cleus is suspended in the middle of the 
sap cavity by threads of cytophism ex¬ 
tending to the walls. In sexual repro¬ 
duction, adjacent cells of two filaments 
w’hich are lying side by side send out pro¬ 
jections, or conjugating lubes, toward one 
another (Fig. 271). The tips of these touch, the wall between 
them breaks dowm, and through the channel thus formed the 



Tio. 271.— Spirogyra. 
Two udjucciit filarncnUs, 
showing stages in soxun) 
roproductio!!. Cell a 
Bhow» the tiortuol, rc.sting 
condition, witli the spirully 
placed, bunddike chroma- 
tophorc, in which nxirncr- 
ouB circular pyrenoida cun 
he Hocn. CcIIb h and c nro 
Bending out conjngutiiig 
tul>CB to each other. The 
contents of rclU d and r 
have contracted Boinewhut 
mid tho contents of c arc 
paaaing over tlirough tho 
conjugating tube and unit¬ 
ing with d. At / 13 3howu 
the iiiaiuro zygodpore that 
hfia urioen from tho union 
of tw'o coUb. 
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whole protoplasmic contents of one cell enters the other, and the 
living portions of the two cells fuse into a thick-walled resting 
zygospore, which is capable of resisting unfavorable conditions. 
Such conjugation is tluis ladder-like, or scalarijorm. Most com¬ 
monly, the cells in one hlamcnt all pass into those of the other, 
suggesting the beginning of sexual differentiation between 
filaments. Occasionally two adjacent cells of the same filament 
may unite in lateral conjugation. 

Within this zygospore the nucleus undergoes two divisions, 
and of the four nuclei thus formed, three degenerate. One of 
these divisions is a reduction division, so that the new. filament 
which is produced at the germination of the zygospore has the 
haploid chromosome numl)er and i.s thus gametophytic. 





Fio. 272,—Dosmidd of vorious 



typos. 


The Desmids (Fig. 272) are unicellular plants of the utmost 
variety and beauty of form and arc often ornamented by spines, 
protuberances, and markings of various sorts. The cell is 
composed of two perfectly symmetrical halves, or semicells, 
separated by a zone, the isthmus, which is often constricted 
and under which lies the nucleus. Aside from ordinary cell 
division, in which the cell divides at the isthmus and each 
semicell forms a new individual, reproduction is effected by 
conjugation between two protoplasts, each of which has escaped 
from its wall. The zygospore has a thick, usually spiny wall 
and germinates to produce two new individuals. Some of 
the simpler desmids show a considerable resemblance to Chlamy- 
domonas in their mode of conjugation and in the germination 
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of the z>’gospore. From these simpler desmids there are evi¬ 
dences of a progressive upward development to the more spe¬ 
cialized conditions found in Spirogyra and related hlamentous 
forms. 

Stoneworts (Charophyceae).—This remarkable class of plants 
(Fig. 273), though like the Chlorophycejve in its pure green 
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Fio. 273.— Chora. A, a inuiii branch* showing tho rircloe oi ainall* lateral 
branches bearing the sexual orgons* arising at the joints o( tho main branch. 
/i, a portion of a branch* showing tho main axis and the short side branches 
near tho union of which aro attached an anthcridium (a) and an udgotiium (o). 
(B after SaehM.) 

color, stands apart from all others in its morphology, and there is 
no certain knowledge as to its relationships. The vegetative 
body consists of long, jointed stems, and at the joints, or nodes, 
arise whorls of short branches. The long intemodal cells may 
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become very large and are excellent material to show c 3 '^toplasmic 
stieaming. No asexual spores are produced, but along the 
branches are borne antheridia and oogonia, far more complicated 
than among any other thallophj'tes. The antheridium is 
spherical, and its wall is composed of eight somewhat triangular 
cells from the inner surface of which arise a large number of 
many-celled, sperm-producing filaments. The oogonium is 
co^•ered with a wall or envelope of spirally wound cells growing 
uji fi-om the tissue below it and produces a single large egg. 
After fertilization the envelope hardens, forming a nut-like 
spore case around tlie oospore. The absence of anj'thing sug¬ 
gesting an alteiTiation of generations indicates that these plants 
should be placed among the thallophytcs, but they are clearly 
tlistinct from any other members of the division. There are two 
geneia, Chara and Nitclla. 

Phaeophyceae, or Brown Algae.—These plants may be dis¬ 
tinguished from other algae by their characteristic brown color, 
due to one or more brown pigments, usually phycoxanthm, asso¬ 
ciated with chlorophyll, and by certain structural characters. 
The Phaeophj'ceue are the largest and rankest of all algae and 
display the highest degree of bodily differentiation. None of 
(hem is unicellular. They are found almost exclusively in the sea 
and arc best developed in the cooler regions. Thriving most 
commonly in shallow w'ater and the zone between tide marks, 
thej’ arc subjected to the buffeting of the waves and may be 
exposed to the air for several hours a day. They are normally 
attached to the bottom but may become detached and float for a 
long time, as do the masses of the brown alga Sargassiim in the 
“Sargasso Sea.” The Phaeophyceae probably represent an 
entirely independent line of evolution from the green algae or 
from flagellates and seem to have led to no higher types. 

Ectocarpales.—Eclocarpus (Fig. 274), one of the best-kno^vn 
genera, is a rather small, filamentous plant. As in the algae 
previously studied, the zoospores are produced here in sporangia 
which are modified single cells. The gametes, however, are 
developed in large multicellular stmetures {plurilocular sporangia 
or gametangia) w'hich begin to show’ a resemblance to the highly 
developed sexual organs characteristic of the bryophytes and 
are not usually borne on the plants which produce zoospores. 
Each of the many small cells into which the contents of these 
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stnictures are divided forms one or two gametes, which after swim¬ 
ming about fuse in pairs to produce zygospores. Instances have 
been reported in which these gametes germinate diiectly into a 
new plant and thus function essentially like zoospores, winch they 
much resemble structurally. Gametes of ditferent size ami state* 
of motility sometimes unite, thus indicating the beginning of a 



Fio. 274.— Eetoenrpua. A, filament willi inulticcHulnr or plurilociilnr K]>orati- 
ffia in which ttainctcs aro produced. A younjt and crowing bpornnciuni is bhown 
above. B, filament with u ainglo-cellcd siwrangium in which boosporos aro 
produced. C. various stages in the union of two gainclos. Above, a singlo 
guincte; at loft, the beginning of union; at right, the resulting aygospoio. (C 
after OUmanTts.) 

hctcrogamous condition. Types like Ectocarpus seem to display 
the beginning of the differentiation of sex in the brown algae. 

Kelps {LaminariaUs, Fig. 275).—In this order occur tlic kelps 
{Laminaria) common in the north Atlantic and elsewhere, 
together with many other large algae such as the giant kelp 
{Macrocyslis), the sca-ottcr’s cabbage {Nereocystis), the sea palm 
{PosieUia), and other smaller types. The larger kelps may 
become huge plants, sometimes perhaps attaining a length of 
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100 meters. They are attached to the rocks by massive hold¬ 
fasts. The stout “stems,” or stipes, support broad and fre¬ 
quently much-divided blades and often displaj' a considerable 
degree of structural differentiation. 

In Lnviinano itself, the commonest of the kelps, it has been 
sliown that the ul)undant zoospores do not grow directly into 
individuals similar to those by which thej' were produced but 
instead germinate into minute sexual plants, ver>' different from 



Fio. 276.—Tho kelps. A, Maerocyslta; B, Xereoeysli*. (From G. M. Smith.) 


the kelp, some of which bear antheridia and produce sperms, and 
others oogonia and eggs. From the fertilization of an egg by a 
sperm there is developed a typical kelp plant, which again bears 
zoospores. Laminaria thus exhibits a typical alternation of 
generations like that of the higher plants, a nonsexual plant pro¬ 
ducing spores which form sexual plants, from which the non¬ 
sexual plant again develops. Such a life history may be more 
common among bro\Mi algae than was formerly supposed. The 
origin of a condition like that in Laminaria from a simpler and 
probably more. prinxitive type is shown by the genus Diciyota, 
in which the spore-producing and gamete-producing individuals 
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are identical in appearance', resembling in this respect the life 
historj' of Viva described above. 

Rockweeds {Fucalcs ).—These plants dilYei' from the kelps in 
producing no zoospores and in displaying no evi<I<‘nt alternation 
of generations. 



Kio. 270 .—Fucus fnculoeu*. Portion of thallua showing air bladders (o) 
and receptacles (r). On the surface of the latter are the many small openings 
of the conceptacles. 

Fucus, the best knotvn genus, is exceedingly abundant on rocks 
between tide marks in the temperate regions. The vegetative 
body of this alga is a flat, repeatedly forking, ribbon-like thallua 
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usually provided with air bladders (Fig. 276). It elongates hy 
tlie activity of definite growing regions at the ends of the free 
branches, tlie center of each growing region being occupied by a 
single acti\ cly dividing apical cell. The swollen tips of certain 
l)ranches are known as receptacles and bear the sexual organs. 
Scattered over tliese tips, just below the surface, are many small 
chambers, or concepfaele.f, ('ach opening to the outside by n pore 



Vui. 277. - Fucu^. Section tIuuugU innle conceptnclc, i^howinp: sterile tilainonts 

and otlu'rs bearing nntlicridia. {From Johansen.) 


(Fig. 277). Lining the walls of these chambers arc masses of 
branching filaments, or parapinjses, among which are borne the 
anthcridia and oogonia (Fig. 278). The antheridia arc small 
cells arising on branches of the filaments and producing swarms 
of biciliate sperms. The oogonia arc larger cells, the contents of 
each dividing into eight eggs. In some species both sex organs 
are produced in the same conceptacle, in others they occur in 
different conceptacles on the same plant, and in still others the 
whole plant is entirely male or entirely female. Both eggs and 
sperms are discharged from the mouth of the conceptacle as 
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the tissue shrinks during exposure to the air at low tide, and 
fertilization takes place in the open water outside. The oospore 
settles to the bottom, attaches itself, and develops directly into a 
new plant. Tlie entire plant is hero the sporophytc, and the 



Flo. 278.— Pueua. A. /enialo conceptocit?. witJi ooRonia ami »tcrilo filainonts; 
B, cfiiiRlo oOgonium at maturity, containing eight cggii; C, group of unthcridia 
from u niido conccptaclc; D, sperms; E, egg after discharge into the water, 
surrounded by sperms; P, young plant arising from an o&sporc. (/i, C, Ji, E, 
and F after Thurei.) 

reduction division of the chromosomes docs not occur until 
just previous to the formation of gametes, so that the situation 
is exactly the reverse of that found in most green algae. If the 
rockweeds have evolved from forms like Diciyota, the gametophy to 
generation has evidently been reduced here to the gametes alone. 
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The Diatoms (Diatomeae).—Similar to the brovvii algae in 
color but distinct in many respects are the diatoms, a large group 
of unicellular algae found veiy commonly in both fresh and salt 
water (Fig. 279). They are tlie most abundant of the minute 
plants which occur in the plankton and are therefore of great 
ultimate value as food for marine animals. Many species are 
also sessile aiul may be united into filaments or other colonies. 



I'm, 279.— Diutonift of various types. 


The wall is hard and flinty, being heavily impregnated with silica, 
and consists of two halves, or valves^ one of which fits over the 
other like a box cover. These are very diverse in shape and are 
often omamcnted with minute and intricate markings \vhich long* 
have been the delight of microscopists. Each cell ordinarily con¬ 
tains two chromatophores which possess a bro^vn pigment mask¬ 
ing the chlorophyll. Some types can move about, apparently by 
the streaming of protoplasm along a slit or raphe in one of the 
valves. The cell divides into two by fission, each half carrying 
with it one of the valves of the original cell and regenerating 
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one new one. This method of division results in a decrease in 
cell size. Occasionally the contents of two cells escape from their 
walls, increase in size, and unite to form a zygote which in turn 
develops into a full-sized individual. The beds of dinlomaccous 
earth, sometimes more than 700 feet in thickness, consist of fossil 
remains of the siliceous walls of diatoms which accumulated on 
the ancient sea bottom. This material is now used for many 
industrial purposes, especially for filters and insulators. 

Rhodophyceae, or Red Algae.—The.sc are a very varied group, 
rich in species, almost exclusively murine, and reaching their best 
development in the warmer seas. Most of them grow entirely 
subn^ersed, below ti<le marks, often to a considerable depth, ami 
are therefore not particularly conspicuous or familiar. The 
vegetative body tends to be delicate, filamentous, and much- 
branclicd, in contrast to the bulky thallus of the brown algae. 
The cell wall is often thick and gelatinous, and the cells thus gi\’e 
the appearance of being embedded in jelly. In mo.st forms, also, 
there is a definite cytoplasmic connection between c*ach cel! and 
the adjacent members of the same filament. The Rhodophyceae 
are distinguished from all other algae by their characteristic 
reddish color (due to the pigment phycoerythriri which is i>r<‘sent 
with chlorophyll), by the complete absence of motile cells t^f any 
kind, and by a highly specialized type of sexual reproduction. 
They do not include primitive t 3 'pcs but seem to have arisen from 
a point already well up in the scale of algal evolution. The higher 
members of the class displaj' clearly an alternation of genera¬ 
tions. Two typical genera will illustrate the complexities of 
reproduction in this group. 

Ncmalion (Fig. 280) is a common form with a branching, 
filamentous habit and is representative of the simpler red algae. 
The numerous small antheridia produce nonmotile sperms. 
The female sexual apparatus, which is hero called the procarp, is 
a short, specialized branch whose terminal flask-shaped cell con¬ 
sists of a swollen basal portion, the carpogonium, containing the 
single egg cell and homologous with the oogonium of green algae. 
This is prolonged upward into a hair-like extension, the trichogyne. 
The sperms arc carried by water currents to the trichogyne, to 
which they stick when brought into contact Nvith it. The con¬ 
tents of the sperm pass down the trichogyne into the car¬ 
pogonium. After fertilization this docs not develop a new plant 
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directly but produces a group of short, branched filaments on 
the end of each of which is borne a nonmotile carpospore. This 
whole structure of spores, filaments, and carpogonium is known 
as the cuslocarp. A carpospore germinates directly into a new 

plant. 



Fio. 280.— NcmAion, A, procarp at end of a filament, c, carpogonium and 
trichog.vne, to winch several sperms aro attached, A male nucleus has entered 
the curpogoniuin. B, cystocarp* which has arisen from the fertilized carpogon¬ 
ium, Carpospoics arc developing at the ends of short filaments* C, antheridiu* 
groups of small cells each of which produces a sperm. 


Polysiphonia (Fig. 281) is another common member of the 
class and has a much-branched thallus consisting of a central 
core surrounded by a jacket of filaments. It displays a much 
more complex sexual history and is typical of the majority of the 
red algae. Three types of plants, similar in vegetative structure 
but differing in their reproductive organs, may be distinguished: 
male plants, producing antheridia only; female plants, producing 
procarps only; and sexless tetrasporic plants, producing sporangia 
in each of which are four asexual tetraspores. The procarp is 
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somewhat more complex than in Nemalion, since it contains a 
jtroup of auxiliary cells. Fertilization, howe\'er. occiii'S in much 
the same way, a sperm cominj; in contact with the tneho;?^-,!^ 
enteriiiK tlic carpogonium, and fusing with the female muieus. 
Some rather coinpHcatcxl fusions now take place between the 
fertilized carpogonium and the auxiliary cells, as a result of 
which sixty or more carpospores are pnaluced. An ein elope of 

sterile cells grows up from the base and encloses this spore mass, 
foi ming the cyctocarp. 





A e 

tl fi^ritlona. A. portion of u U?trnsi>orir plant .Khowinc 

Oireo Kcouprt of U*tra«|iore.H. These Hporos oceur in Ulnuls or Kroxipa of four 
B portion of a male plant Alx.ve, an iinmaturo unthoridiuin; l>elo»v. a muturo 
one, prodiiciiiK Iui-ro numlxT« of h,xtii*h on its surfaro. C. portion of a femalo 
l>Innt showing a npo cystocarp. its tvnll enclosing a group of carpospores 


i:xpcriineiit has established the facts that these carpospores 
produce only tetrasporic plants and that the tetruspores in turn 
produce only male or female plants. Thus, a regular alUunation 
of sexual and nonsexual individuals is set up. Tetrasporic lilaiits 
have twice the chromosome number of sexual plants and tlms 
represent (with the cystocarp) tlte typical diploid sporophyte, 
the sexual plants constituting the gametophyte. 

Thus, in the green algae, the brown algae, and the red alguo 
there are plants (of which Ulva, Dictyola, and Polysiphonia are 
representatives) which possess a well-marked alternation of 
generations where the sporophyte and gametopliyte are essen¬ 
tially identical in appearance. It may well bo that such a 
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condition is the original form of alternating life cycle and that 
those in which the two generations are markedly dissimilar m 
character or extent have been derived from this more ancient 

type. . . j 1 A 

Tile red algae are very evidently a specialized class, and 

altiiongh tliev have reached a marked degree of complexity they 

apparently have not been the ancestors of anything higher up in 

tlie evolutionary series among chlorophyll-bearing plants. They 

arc generally regarded, however, as having given rise to some of 

the liighcr fungi by the assumption of a saprophytic or parasitic 

habit with the accompanying or consequent loss of chlorophyll. 

A number of red algae are of economic importance. From the 
genus Gelidium is produced agar jelly, much used to solidify 
certain foodstuffs and especially as the base for nutrient media on 
which bacteria an<l fungi arc growm in culture. Most of the apr 
has been produced by Japan but other sources aie now being 
developed. The “Irish moss,” Chondrus enspus, which grows 
in relatively cool waters, has long been used for food and is now 
being harvested in large quantities as a source of various impor¬ 
tant products. 

QUESTIONS FOR THOUGHT AND DISCUSSION 

744. The thallopliytcs are the most varied in their characteristics of 
all the main divisions of the plant kingdom. What reason can you 
suggest for tliis fact? 

746. All groups of algae are found in the ocean, but comparatively few 
in fresh water;. Explain. 

746. Zoospores of algae will generally swim toward the light rather 
than away from it. Of what advantage is this to the plant? 

747. Algae are in general much more filamentous and finely branched 
than land plants. Explain. 

748. Algae which are completely and somewhat deeply submersed 
all the time are much more finely branched and dissected than those 
which are near the surface or are partially exposed to the air for some 
of the time. Explain. 

749. Algae are commoner on a rocky coast than a sandy one. 
Explain. 

760. Seaweeds which grow between tide marks are often very gelati¬ 
nous. Explain. 
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761. The largest of the algae are usually foun<l in cool northern seas 
rather than in warm tropical ones. Explain. 

762. There are no li^^ng algae or other green plants at depths greater 
than a few hundred feet below the surface of the ocean. Explain. 

763. Since no green plants can live in the deeper portions of the 
ocean, how is it possible for fi.sh and other animals to exi.st there? 

764. Why are verj' shallow parts of the ocean, like the Grainl Banks of 
Newfoundland and the North Sea, such important fishing grounds? 

766. What advantages and what disadvantages have those algae 
which float freely in the water (tlie |)lankton) as compared with those 
which are .attached to a substratum? 

766. W hat iin{>or(ant element in the foofl supply of nijin ha.s its source 
in the algae? 

767. Blue-green algae can thrive in relatively dry pla<-cs as cojnpared 
with other algae. What structural peculiarity of theirs inake.s this 
pos.sible? 

768. Blue-green algae are generally found in waters which are rich In 
organic mutter. What docs this suggest as to differences between their 
inethod.s of nutrition and those of ordinary green plants? 

769. Blue-green algae can thrive in hot springs aiul in warmer waters 
generally than can mo.st of the other algae. What explanation ran you 
suggest for this fact? 

760. With what other trait of the blue-green uigue is the absence of 
sexual reproduction related? 

761. Wliat other groups do you knoiv, usi<le from the flagellates, 
which are uitcnncdiate in certain respects between animals and plants? 

762. How would you study photosynthesis by using such an alga as 
Chlorella ? 

763. What is the advantage of a hcterothullic condition? 

764. What is there in the present distribution of Spirogj/ra and its 
allies which suggests that they are less ancient than most other green 
algae? 

766. In Spiroffj/ra, which of the gametes would you regard as male 
and which os female? Explain. 

766. Wliy docs Protocccciu grow most abundantly on the north 
rather than on the south side of tree trunks? 
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767. For what other experiments than those mentioned in the text 
would the huge colls of Valoiiia be useful? 

768. If algae like Bnjopsis and Caukrpa are not di\nded into cells, 
Imt nevertheless attain a considerable size and degree (5f differentiation, 
whv do vou think it is that cellular structure is so nearly universal 
rlsowhore in the plant kingdom? 

769. Why is it generally believed that the green algae rather than the 
other algal groups are on the direct line of ascent to the bryophytes? 

770. What are the advantages conferred by the possession of bladder- 
like floats in the brown algae? 

771. In what respect is fertilization in Fucus different from that in 
any other alga tlescribed in the text? 

772. What other group of algae do you think the diatoms most 
resemble? Enumerate the points of rc.semblance. 

773. What reason can you suggc.st for the fact that the rcfl algae are 
delicate and filamentous whereas most brown algae are much thicker 
and stouter in bodily structure? 



CHAPTER XVn 


THE THALLOPHYTA 
2. THE FUNGI 

The other great group of the thallophyfes is the fungi, which 
are distinguished from algae by the absence of chlorophyll. 
Their consetjuent inability to manufacture food therefore compels 
fungi to live either as saprophytes or as parasites. I.ike the algae 
this is a heterogeneous group, and many of its members seem 
more closely related to certain groups of algae than to other 
fungi, but as a matter of convenience, and in the absenc^e of any 
widely accepted “natural “ classification of the thallophytes, they 
will all bo considered together. This immense array of lowly 
plants is much more numerous in species than the algae and 
contains hundreds of types which are of the utmost importance 
to man and which form the subject matter of various special 
sciences, notably bacteriologj' and plant pathology. 

In the general morphology both of their vegetative and of their 
reproductive structures the fungi parallel the algae, ranging from 
strictly unicellular types in the bacteria, through filamentous 
forms, to those wiiich have a large and rather complex plant body, 
and displaying various types of sexual reproduction, both iso- 
gamous and heterogamous. In most fungi above the bacteria 
and slime molds the plant body is composed of one or more 
filaments, each of which is known as a hypha. The whole ma.ss 
of hyphao, which are often tangled or matted together, is called a 
mycelium. Special absorbing organs, or haustoria, are usually 
developed, through which the plant draws its food from the 
material, or substratum, on which it grows. 

The series may be best divided into five classes: the Bacteria, 
the Slime Molds, the Alga-like Fungi, the Sac Fungi, and the 
Basidia Fungi. 

Bacteria.—In a number of respects bacteria show' resemblance 
to the blue-green algae and are sometimes placed with them in a 
distinct group, the Schizophyta. These plants differ from most 

407 



498 


BOTANY: PRINCIPLES AND PROBLEMS 


(ithor fungi in being strictly unicellular, although they may 
sometimes form loose colonies of chains, plates, or more complex 
forms. The cells are usually very small, ranging from about 
0.025 to as low as 0.0003 mm. in length, so that bacteria are 
the smallest of living things. Internally these cells seem to be 
almost structureless. There is some evidence, however, that 


O O 

Ooo 

A 




Vio. 282.—Bacteria o( various types. A, Staphylococcus atirecis; Myco^ 
bacterium leprae; C» Pneumococcus; D, iS(rep<ococcus pyogenes; £. SpirUlum; 
Ft types of spores; (?, Bacillus coli; H, Bacillus sublilis^ 


nuclear material and perhaps a va^ue nuclear body may be pres¬ 
ent, but the very minute size of bacteria makes a cytological 
study of them exceedingly difficult. The cell wall, which is firm, 
rarely contains cellulose and seems to consist, at least in part, of 
chUiriy a material commonly present in insect bodies. Many 
species have a gelatinous outer wall. Cilia, varying in number 
and position, are found in many species, which thus have the 
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power of active motility. V'arious structural tj^pes are recognized 
by bacteriologists, of which the commonest are the coccus form, 
which is spherical; the hacierium, or hacUlus, which is rod-shaped; 
and the spirillum, wliich is cun’ed (Fig. 282). 

Ihese structural differences alone often are not sufficient to 
enable a bacteriologist to identify species, and where two distinct 
forms are not visibly different he must rely instead upon specific 
differences in staining reactions, in character of nutrient material 
most favorable to gro\\'th, in sub.stances produced, or in color 
and form of colonies if he is to distinguish them. 

The metabolic rate of bacterial cells is verj' higli. The only 
type of reproduction kno^\'n is simple cell division, or fission, 
whicli is unaccompanied by any of the complex phenomena 
found in the higlier plants but which in the presence of an 
abundant food suppl 3 ' muj' take place frequently, often two or 
tliree times an hour. At the former rate a single bacterium i\ill 
produce approximately a billion individuals in hfteen hours, or a 
colony with a volume of a cubic millimeter and thus easilj’ 
visible if growing on the surface of a nutrient medium. In 
a day and a half at this rate it would form a mass of material 
so immense that it would make 1000 truckloads. Such growth 
never occurs, for it would require a vast supply of food to make it 
possible; but this remarkable capacity for gro\N'th explains the 
rapidity with which bacteria often spread through material upon 
which they are growing. An abundant supply of water is also 
essential for bacterial growth, as well as favorable temperature. 
Some types (aerobic forms) require free oxygen for their growth, 
but others are anaerobic and will live only where free oxygen 
is unavailable. Characteristic by-products of bacterial activitj' 
often appear, which check further growth. 

At the onset of unfavorable conditions, the protoplasm of 
the bacterial cell draws itself together and produces a thick-walled 
spore which Avill germinate whenever a favorable environment 
again ensues, sometimes after many years. One of the facts 
about bacteria which is most difficult to realize is that the spores 
of a great variety*of species are present almost everywhere in oui 
surroundings unless special care has been taken to exclude them 
and that they are waiting only for favorable conditions to begin 
rapid growth. These resting spores are very resistant and will 
often be found alive and able to germinate after hours of sub- 
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jcction to high temperatures. They can also survive extreme 
cold and diyness. 

-Vlthough bacteria occur in countless myriads of individuals, 
aiul altluHigh their diverse activities make tliem almost omni¬ 
present in air, water, and soil, tliey are so small as to be invisible 
to the unaid(‘d eye and from a practical point of view would 
be entirely negligible were it not for the profound elTeets which 
they produce. Their impcn'tance in agriculture, particularly 
through tlieir activity in the soil and in dairy products; their 
i-ole as the chief agents of fermentation and decay; and par¬ 
ticularly their tremendous direct interest to man as the cause 
of some of the worst and most prevalent of those diseases which 
afilict himself and his domestic animals and plants have caused 
them to bo studied with especial thoroughness and have estab¬ 
lished bacteriology' as one of the most important of the sciences. 

I’Aact knowledge of bacteria dates only from tlic latter half of 
the nineteenth century. Their existence wins proved by the 


great Frencli chemist and iiiologist, Louis Pasteur (Fig. 1/), who 
labored for years, meeting with the ridicule and antagonism which 
often greets a new discovciy, before he could convince his fellow- 
scientists that such minute objects were actually alive and were 
responsible for so many of the happenings of daily life. Since 
Pasteur’s day, as the result of a knowledge of bacteria, the prac¬ 
tice of medicine, and to a considerable extent that of certain 
branches of agriculture and industry, has been radically changed; 
and the astonishing advances in modem surgeiy, made possible 
by Pasteur’s discoveries and inaugurated by the great surgeon, 
Lister, have converted this branch of medicine from a dreaded last 
resort to a common and safe means of relief. The bacteriologist 
of today has developed a complicated and elaborate technique 
whereby he can isolate individual bacteria, cultivate them 
artificially on especially prepared and sterilized foods or media of 
various kinds, and study the characteristic appearance of individ¬ 
uals and masses, together with the physiological behavior 
peculiar to each. Both as the enemies and as the allies of the 
human race these lowly plants with which the bacteriologist 


w orks are among the most important members of the vegetable 


kingdom. 

Saprophytic Types .—The saprophytic bacteria live on dead 
plant or animal material. They are responsible for much of the 
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fermentation which carbohydrate substances often undergo when 
exposed to the air and which, as a form of incomplete respiration, 
has been discussed in the chapter on metabolism. Decay is essen¬ 
tially the same type of process as fermentation except that it takes 
place in all sorts of organic substances. Certain bacteria are 
able to use these substances direclh’ and as a result of their 
activity produce simpler materials which may then ser\’e as footl 
to other bacteria. Decaying organic material is thus the seat 
of various bacterial organisms whicli live on the .su(a;essi\’e 
products of decay, and the ultimate result of their activity i.s a 
complete breaking do^^■n of this mat(‘rial into carbon dioxide, 
water, nitrogen, and mineral salts, from which it was originally 
constructed. The sendee ren<iered by decay bacteria to other 
living things and especially to man in decomposing dead organic 
matter and in liberating the valuable materials which it contains 
is very great indeed. This is especially consjjicuous in the dis¬ 
posal of sewage, which under modem systems of treatnu'ut is 
rapidly broken doNm by bacteria into simple chemical compounds 
and is therefore eliminatetl as a source of water and food con¬ 
tamination and as a breeding ground for dist?ase-produ<‘ing 
organisms. The activity of certain .saprophytic; bacteria is 
employed in various industrial processes, such as the curing of 
tobacco, the retting” of flax fibers, and various fermentations. 
In these cases the bacteria attack specific substances and produce 
results which are desirable. In the presentation of foods, 
however, it is of course important to check the growth of these 
decay bacteria, and this may he accomplished in a variety of 
ways. 

In the previous discus-sion of the soil two other groups of 
bacteria were mentioned which are of especial importance to 
the higher plants because of their relation to nitrogen (Fig. 30). 
These are the nitrogen-fixing bacteria, which are found in tuber¬ 
cles on the roots of plants belonging to the Legume family and 
which are able to take nitrogen directly from the air and to 
incorporate it into their bodies; and the nitrifying bacteria, which 
convert ammonia, the end product of protein decay, into nitrite 
salts and these, in turn, into nitrate salts, the only form in which 
nitrogen can be utilized by most green plants. 

Certain of the physiological activities of bacteria are of much 
importance in human nutrition. The souring of milk, for 



502 


BOTANY: PRINCIPLES AND PROBLEMS 


example, and the production of vaiious milk products such as 
huttermilk and most types of cheese depend upon various specific 
kinds of bacteria. The ability of bacteria to sjTithesize vitamins 
is also important to man. Thus the abundant supply of water- 
soluble vitamins found in milk comes chiefly from the activity 
Ilf bacteria which live in the stomachs of the cow. 

Pathogenic Types .—Those members of the class which are 
parasitic on other organisms are known as pathogenic bacteria. 
.\ particular species is the cause of each of the various bacterial 
diseases, such as di])htheria, tuberculosis, typhoid fever, pneu¬ 
monia, cholera, and many others among animals and man, as well 
us pear blight, cucumber wilt, black rot of cabbage, and others 
among plants. These diseases are often communicated from one 
individual to another, since the pathogenic bacteria responsible 
for them may be transmitted easily through air, water, food, or 
contact. Bacteria which are very minute or otherwise difficult to 
recognize are also probalily responsible for many diseases the 
cause of which is at present unknown. 

Tlie liarmful elTect of pathogenic bacteria on animals often is 
not due to the direct attack of the panvsitc but to the terrifically 
poisonous by-products, or toxins, which it secretes and which 
enter the blood. The atfliided individual will often produce 
antitoxins capable of counteracting the poisonous elTect of the 
toxins and rendering the individual immune, permanently or 
at least for a time, to this particular parasite. The attacks 
of certain disease-producing organisms may thus be prevented 
or rendered less virulent by injecting into the circulation a 
little blood serum from an individual (usually a cow or horse) 
which lias had the disease and whose blood is therefore rich in 
antitoxin. This serum or antitoxin treatment has been especially 
successful with diphtheria, tetanus, and hog cholera. Immunity 
may also be induced by vaccination, which consists in injecting a 
weakened strain of the pathogenic bacteria or some dead bacteria 
and thus giving the individual what is really a mild attack of the 
disease, which succeeds in inducing in his blood the production 
of antitoxin. Vaccination was first used against smallpox by the 
English physician Jenner in 1798. Its relation to bacterial 
activity was discovered by Pasteur, who successfully employed 
it against anthrax and rabies. It is now used to give immunity 
against typhoid fever and other diseases. There are many 
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diseases for which immunity cannot j'et be certainly achio^'ed 
bj' the use of either antitoxin or vaccination, but they are being 
actively studied and there is reason to hope that many of them 
will ultimately bo controlled in this way. 

A recognition of tlic role of bacteria in cli.scase has made possible 
a much more intelligent control of many diseases through tlie 
prevention of bacterial contamination of water, milk, and other 
foods and througli an understanding of the means by which 
pathogenic bacteria may be ti-ansmittcd from one individual 
to another. In all surgical work an indispensable retiuircment 
for success consists in keeping the c.xposed tissues free from 
bacterial infection. This has made practicable operative pro¬ 
cedures which were quite impossible before the existence of 
bacteria was recognized. 

Although pathogenic bacteria arc not so important in plants as 
in animals, thej' do cause a number of serious diseases. Some 
bacteria invade the conductive tissues, plugging them up and 
preventing the passage of water so that the plant wilts. Softer 
tissues are often infected and rots of various sorts are produced, 
such as the black rot of cabbage and the soft rot of carrots. 
The serious disease called hre bliglit of apples and pears is duo 
to an active invasion of leaves, stems, flowers, and fruit by 
Bacillita amylovorus. Those remarkable tumors called crown 
galls (Fig. 283), produced on a wide variety of plants and often 
very harmful, result from an infection hy Phylomonas lumcfacicns. 
Their resemblance to animal cancers has led to an intensive 
study of the means by which the organism is able to disrupt the 
normal growth proce.Svses of the plant. 

Autotrophic Bacteria .—Most bacteria require organic food and 
are said to be helerotfophic but a few live on inorganic materials 
entirely, as do green plants, and are thus autotrophic. Among 
these are the nitrif 3 dng bacteria (p. 77) which oxidize ammonia 
to nitrites and then to nitrates. Others, the sulphur bacteria 
(Fig. 284) and iron bacteria, oxidize sulphur or iron or their 
compounds. All these organisms obtain the energy for their 
metabolism from these oxidations rather than from the breaking 
down of complex organic materials as in the respiration of other 
plants and of animals. Autotrophic bacteria obtain their car¬ 
bon, necessary in the production of living substance, directly 
from carbon dioxide by chemosynthesis, using in this process 
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the encrgj' of oxidation. Thej' are therefore exceptions to the 
general rule that carbon compounds are formed only by photo- 
synthesis and the use of chlorophyll. The purple bacteria, 
al.so autotrophic, contain a red or purple pigment which, in the 


ViQ. 283.—Crown gall (''plant cancer'*) produced on sunflower by Phyto^ 
moruis itimc/acxcn9. iCourlcsy of DeparlmctU of Plant Paihology, UniversUy of 
irwcorwin.) 


presence of light, is effective in producing carbon compounds 
from carbon dioxide. This bacterial photosynthesis differs 
in a number of respects from the familiar type in which the pig¬ 
ment is chlorophyll, but fundamentally the two processes are 
similar, and a study of the physiology of these purple bacteria 
has led to a better underetanding of photosynthesis in general. 
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Autotrophic bacteria suggest what some of the earliest organisms 
may have been like and how life could exist before the evolution 
of the now almost universal method of securing food and energ>' 
by photos>mthesis with chlorophyll. 



Fio. 2S4.—Sulphur bacteria. A and 7*htothrix annulaia; Sjrif^lum 

(;raHulaium. (From Luimnn.) 


Viruses (Fig. 285).—In a number of important diseases such 
as measles, yellow fever, smallpox, rabies, foot-and-mouth 
disease, and infantile paralysis, as well as the important diseases 
of plants kno^^^l as “mosaics” or “yellows,” no bacterium or 
other organism has been found, and the di.seascs are evidently 
caused by bodies which arc so minute that they cannot be seen 
with the most powerful compound microscopes. These are 
now called vtruaes. Experiment ha.s shown that if juice from 
infected organisms is passed through filters with extremely small 
pores, which prevent the passage of bacteria, it still retains 
its infective power. Such bodies have therefore been called 
fdlerctble vini^es. Through a knowledge of the pore size in the 
filters, and by other physical and chemical tests, evidence has 
been found that these viruses arc large protein molecules, ranging 
in diameter from about 10 millimicrons (10 millionths of a 
miHimctcr) in the foot-and-mouth disease virus to about 200 
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millimicrons in smallpox vims. The former size is about t\vice 
the diameter of a molecule of starch and the latter is about that 
of the smallest known bacteria, so that in size the viruses bridge 
the gap from molecules to organisms. Whether viruses are to be 
regard(‘d as living or not is still uncertain. That they can 
multiply and thus reproduce themselves rapidly; that they occur 
in definite races or strains, each with its specific character; and 
that changes essentially like mutations have been obscr\'ed in 



Fio. 285.— Particles of tobacco mosaic \nrus in freshly expressed juice (diluted 
with 60 volumes of water) from Turkish tobacco plants with mosaic disease. 
The %'irus particles are rod-liko structures rather uniform in size and about 280 
millionths of a millimeter in length. Granular bodies in the background are 
molecular aggregates of protein and other materials. Photographed through an 
electron microscope using shadow>casting technique, at a magnification of 20,GOO 
diameters. {Courteay of T. Siouricraaon and W. M. Stanley.) 


them, all indicate a similarity to typical organisms. On the 
other hand, viruses will grow only in the presence of living 
protoplasm of plants and animals and cannot be cultivated 
indefinitely on nutrient substances, as can many bacteria. 
They have not been shown to respire, as do all typical organisms. 
Furthermore, some of them have actually been crystallized and 
can apparently exist in this state indefinitely, though such 
crystals, if introduced into the proper plant or animal, will 
proceed to develop into tjnpical virus bodies. These facts 
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Kuggejst tliat viruses are something quite different from the 
microorganisms with which we arc familiar. Indeed, it is 
difficult to see how bodies which are only single molecules, as 
these arc, can be large or comj)lex enougli to carry on the various 
activities of typical organi.sms. Some biologists regard viru.scs 
as primitive li^■ing things, intermediate between the inorganic 
and organic worlds, which suggest how what we call life might 
have arisen from lifeless matter. Others look upon them as 
degenerate microorganisms. Whatever their true nature may 
be, viruses are evidently of much significance biologically and 
their study may well throw liglit on many of the problems of 
life. 

Myxomycetes, or Slime Fungi.—This remarkable group of 
plants is on the border line between tlio plant and the animal 
kingdoms, but its members now are usually regarded as plants. 
Spores are borne in great quantities by the fruiting bodies, aiul 
each germinates into a small naked mass of protoplasm, entirely 
wthout a wall. This is constantlj' changing in shape and 
moves slowly over the surface of solid objects by a streaming 
out of the cytoplasm into projecting arms or processes into 
which the mass of the cell finally follows. This amoeboid 
movement (so named from its resemblance to the method of 
locomotion of the protozoan animal Amoeba) is quite unlike 
ordinary methods of movement in plants. If water is present, 
such a cell may abandon the amoeboid motion and develop a 
single cilium by which it swims actively about. It soon loses this, 
however, and again adopts the creeping habit. Where these 
naked slime-mold cells come in contact, they often fuse to form a 
single mass of living material, or plasmodium (Fig. 28G), which 
contains many nuclei. This absorbs food and may grow to a 
considerable size, frequently many cubic centimeters in volume 
and with numerous nuclei, and creeps about sometimes for several 
weeks in amoeboid fashion over damp logs and in moist and 
shaded places where decaying plant material is abundant, taking 
in bits of food material, digesting them, and ejecting the waste. 
Nuclear fusions in pairs are sometimes seen to occur and may 
have some significance for reproduction. Plasmodia are often 
yellow or red in color. After a time, particularly if the food sup¬ 
ply is reduced, the plasmodium moves out to a dryer substratum 
where it becomes heaped up, secretes a wall, and develops into 
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one or more fruiting bodies, or sporangia, which are perfectly 
dt'finitc in size and shape according to the species to which they 
belong (Fig. 287). Tliese sporangia may be rather large, rounded 
ma.s.ses or smaller stalketl or sessile lieads. The surface dries 
and hardens, ami tlie multinucleate mass within becomes divided 
into a large number of spores, each of which rounds itself olT and 



l iu. 286.—A Myxoniycpto, Phyaarum. Piasmodium growing over a nutrient 

surface, seen from above. (^Courtesy of TT. D. Gray.) 

secretes a wall. The spores are usually supported by an exqui¬ 
sitely delicate framework, the capillitiutn, and are ultimately 
discharged into the air. 

In their amoeboid character and their ingestion of food, slime 
molds resemble animals, but their reproduction by spores is 
definitely a plant-like character. Most are saprophytic but a 
few grow on living plants, though not as true parasites. One 
of these, the club-root organism on cabbage, causes a swelling 
and distortion of the roots and seriously disturbs normal growth. 
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One group of slime molds, the Acrasi-acene, differs somewhat 
in its life history' from the rest and is of particular interest to 
students of development and organization (Fig. 2S8). In 
these plants, the small, independent amoeboid cells developing 
from the spores increase in number by repeated divisions but 
never fuse into a multinueleate plasmodium. They feed chiefly 
on bacteria. When vegetative multiplication ends, because of 
re<luetion in food supply or for other reasons, several thousand 



Fio. 287* —i'ruitiag bodice of Myxornycctos. --I, FuUqo; Zi, Fhxtanrum: C, 

Sictnonilis, (From G*. M. 


of the individual amoebae begin to migrate to a common center 
where they unite into a colonial mass, or psciidoplasmodium, 
wliicli differs from the plasmodium of the other slime molds in 
the fact that the individual amoebae keep their identity instead 
of fusing into a common mass. This pscudoplasmodiuin now 
assumes a definite form, in most species usually rather elongate, 
and varying in size from a few tenths of a millimeter to a milli¬ 
meter or more in length. The entire mass tlien sets forth across 
the surface on which it is growing and migrates for some distance. 
This is apparently accomplished by a continual gliding motion 
of the amoebae over each other. The pscudoplasmodium has a 
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definite polarity, for the two ends are quite different. The 
apical or “head” end seems to be the dominant region, for if it 
is cut off and grafted on the side of a plasmodium, it will organize 
a group of amoebae behind it and start off on a new migration. 

After a time the pseudoplasmodium stops moving, rounds up, 
and begins to send up a vertical stalk. Tlie mass of the plas¬ 
modium now moves upward over this, leaving the base of it 
anchored to the substratum by a broader disk. This mass now 
becomes converted into a body of spores, wliich in some species 



Kio. 288.—Three-dimensional graph shoeing the development of the fruiting 
body of Diciyoatelium di^coidcxitn in height, time, and position, aggregation 
of a moss of individual myxamoebae; formation of the pseudoplasmodium; 

E-G, migration of pseudoplasmodium; formation from this of fruiting body 

with disk, stalk, and spherical spore mass, {Prom T. Bonner.) 


is a single spherical structure but in others may be a series of 
such structures arranged on the ends of whorled branches in 
a rather complex fruiting body. The remarkable fact is that 
all these changes of form are brought about by the movement of 
individual amoebae over and around each other to their proper 
locations and by the change of each into a type of cell—disk 
cell, stalk cell, or spore—appropriate for the position it finally 
occupies. The factors which govern these precise movements 
and changes by which a heap of individual cells are organized 
into a fruiting body with, a very specific form and differentiated 
structure seem to be like those which are concerned in the contrcl 
of form in more complex organisms, and a study of the behavior 
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of these simple slime molds may well proWde knowledge of 
value in solving the problems of morphogenesis. 

Phycomycetes, or Alga-like Fungi.—These fungi, as their name 
implie.s, resemble rather closely certain of the algae, particularly 
in their methods of reproduction, and are much simpler in these 
respects than the higlier fungi. The plant body, as in all fungi 
above the bacteria and slime molds, consists typically of filaments 
or liyphae. In the Phycomycetes these hyphae are coenoeytic, 
since they are not divided into cells by cross walls and are pro- 
vide<l with many nuclei. In these respects they resemble the 
tubular algae, and it is probably from that general region of the 
algal series tliat they have evolved. 

The Phycomycetes include a groat many of tlic forms kno\Nm as 
molds and blujhts. Four ordei*s are particularlj' notable, the Chy- 
tridiales, the Saprolegniales, the Pcronosporales, and tlie .1/ ucoralcs. 

Chytrids {ChytrUlialeSt Fig. 289).—These are minute aiul xory 
simple fungi. The bodj' or thallus consists of a .single cell which 
may be a naked protoplast or may have a wall. Sometimes 
hypha-like branches arc formed on it. Most chytri<ls are para¬ 
sites, each living within a single cell of the ho.st plant. Many 
attack algae or aquatic fungi, and a few cause serious disea.ses 
of crop plants, notably potato wart, in which dark-coloro<l warty 
outgro\>dh8 are formed on the potato tubers. 

i he contents of a thallus cell often divides into a moss of 
zoospores, which may bo naked and amoeba-like or may swim 
about by means of cilia. Each can form a new i>lant. Under 
unfavorable conditions the thallus may form a thick-walled 
resting spore. In a few cases, two chytrid cells may unite to 
form a resting spore but sexual reproduction seems to be rather 
infrequent in this group. 

The chytrids are considered by some to be very primitive 
fungi but by others to repre.sent late stages in evolutionarj' 
deg(‘neration of forms which were once much more complex. 

Water Molds {Saprolegniales ).—This group is entirely acpiatic 
and in that respect, as well as in certain morphological features, 
allows a closer connection wth its algal ancestors than do the 
other orders of Phycomycetes. Its members live on the bodies 
of dead insects and other animals, and a few are parasitic, 
attacking fish and amphibians and causing a number of serious 
diseases. 
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Saprolegni-a (Fig. 290) is a typical member of the group. The 
hyphae are of two sorts: slender, tapering threads which pene-. 
trate the substratum on whicli the fungus is growing; and 
blunter ones which spread out freely in the water. The ter¬ 
minal regions of those external hyphae become more densely 




of infection of tho alga by zoospores; E, an internal resting sporo* Below, 
Cladochprlium (enue, a species with a more mycolium'^like body. A, swelling 
divided by partitions or soptao; B, zoosporangia; C, zoosporangium discharging 
zoospores; I>, resting sporo; £, zoospores. {Draam by J. S. KarlinQ.) 

protoplasmic and the tip of each is cut off by a cell wall. This cell 
becomes a zoosporangium, its contents developing into many 
biciliate zoospores which escape by a pore at the top. The 
basal partition may push upward again inside the old wall, 
become filled with protoplasm, and be cut off as another zoo¬ 
sporangium. Such proliferation sometimes occurs several times. 
A zoospore does not germinate directly into a new plant but, 
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after swimming about, settles do^\'n, loses its cilia, and becomes 
surrounded ^^'ith a wall. Later it escapes from this wall but 
in a somewhat different form, its two cilia now being lateral 
instead of terminal. 

Se.xual reproduction is heterogamous. A single-celled, spheri¬ 
cal o5goniuni is de\'eloped and produces several eggs which are 
fertilized by the contents of an antheridium. a cell cut olT on the 
end of a slender branch which grows out from the main hypha 



Fio. 200.— SaTfToltQnia^ ono of Cho SaprolcgnialcH. A, mycoliutn on an intact 
in water; B, torininal sporatigiuin producinis zoo3porc4»: C» zoospores; D, acxuul 
orgariB, the two odgoriia each containing Hcvcral eggs. The ono at the loft huK 
l>ccn i>onoiratod by antheridial filaments. 

near the obgonium. No sperms are organized, but male nuclei 
are carried into the eggs by delicate fertilization tubes. The 
fertilized egg develops into a thick-walled oospore, which germi¬ 
nates directly into a new group of hyphae. In many cases the 
eggs develop into mature spores without having been fertilized 
at all. 

Achlya resembles Saprolegnia in many respects (Fig. 291). 
In this genus, which is hctcrothallic, it has been shown experi¬ 
mentally that hormone-like substances are concerned in the 
differentiation of the sex organs. Thus a male plant, grown 
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in water, will produce antheridia only if a female plant is or has 
been g^o^^ing there. Antheridial branches, in turn, secrete a 
substance which stimulates production of oogonia by the female 
plant (Fig. 292). 



Fio. 291 .—Achlya ambiaexualit, one of the Saprolcgnialcs. 1, mycelium with 
empty zoosporangia; 2, female hypha Oeft) with o5gonia and innlo hypha (right) 
sending out antheridial branches to odgonia; 3. o5gonium with antheridia; 4-5, 
odgonia in section shoeing fertilized eggs; 6, mature odspores. (From J. R. 
liaper.) 

Blights and Downy Mildews {Peronosporales ).—^'The species 
composing this group are all parasites on the higher plants. 
Their spores germinate on the surface of the leaf or stem, and 
the hyphae, entering the tissues, branch through them in all 
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directions, absorbing food by slender lateral projections, or 
haustoria, which penetrate the cells and often cause the death 
of the host plant. 

In a typical member of this group, Albugo (Fig. 293), wliich 
produces the white rust of the Mustard family, groups of parallel 
hyphac at right angles to the loaf surface occur just under the 
epidermis and by their growth niptiire the latter and form the 
cliaracteristic blisters. The terminal portion of each hypha is 



l nj. 2112.— Achlya ambittcxuaU*. l-'cinalc plant (left), with n few Bcattcrc-«J 
oOgonia. lias nn abundance of them where it comes clo.so to aiato plant (right) 
on which dclicato aiithchdial branches arc borne. A hormone produced by 
these branches stijnulatcs the formation of odgonia. {From J. It. Raper.) 

cut up into a chain of inultinuclcatc spores wliich break off and 
are blown away in the air. Such externally produced, air-bome 
spores are knoun as conidia and are of frequent occurrence 
among fungi. When it falls on a proper host plant, a oonidium 
germinates and produces a group of zoospores, each of which 
is capable of developing a germ tube which will penetrate the 
host tissue. Sexual organs appear in the deeper -tissues. The 
o6gonium is a globose swelling on one of the h3rphae and consists 
of a single, large egg nucleus and an outer zone of protoplasm 
in which are numerous nugIei._The antheridium is a multi- 
nucleate hyphal branch which applies itself to the oogonium 
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and penetrates its wall by a fertilizing tube, through which a 
nucleus passes to fertilize the egg. The oospore thus produced 
germinates into a group of biciliate zoospores. 

Other members of this group are the downy mildews, one of 
which is the potato-blight fungus {Phylophthora) which causes 
a serious potato disease. The fungus attacks the leaves, kills 
the tops of the plants, invades and rots the tubers, and may 
cause complete crop failure. A conidium may either send out a 
tube or produce biciliate, motile swarm spores. These structures 
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Fio. 293.— Albugo, ono of tho Peronosporales. A. section through n loaf bindo 
showing portion of a “blister” produced by tho fungus. Tho hyphne ponotrato 
between tho cells of tho leaf, sending into them smoll, sucker-liko structures. 
Under tho epidermis are produced rows of conidia. B, sexual organs, tho anthcr- 
idial filament (at right) ^scharging a malo nucleus into tho obgonium, at left. 

enter the leaf through stomata or by penetrating epidermal cells. 
The mycelium which develops grows in the tissues of the leaf 
and sends out through the stomata specialized hyphae or cont- 
diophores on which conidia are produced. These are carried 
through the air and infect other leaves. 

Potato blight seems to have been native to Mexico or Peru, 
but invaded the United States and Europe between 1830 and 
1840. Since then, as now, potatoes were the staple food of 
millions of people, this disease caused disastrous famines, notably 
one in Ireland in 1845-1846, which resulted in extensive emigra¬ 
tion from Ireland to America. When the disease first became 
serious its cause was quite unknown and was attributed to wet 
seasons, insects, weakened constitution, or other factors. Not 
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until the classic studies of de Bary in the sixties of the last 
century- was its relation to a parasitic fungus definitely established. 
A few years later the possibilitj' of controlling fungus diseases 
by fungicides was discovered, and potato blight was one of the 
first to be so controlled. The essential component of the.se 
early fungicirlcs was copper, wliich is particularly toxic to fungi; 
and “Bordeaux mixture/’ containing copper sulphate and lime, 
is still used for the control of this and many other similar diseases. 



Fio. 29-1.—Tho bread mold {.Rhizoputi). General habit oi tho plant. The 
inyceliuiii (/I) of n)uch«branclicd hyphoe penetrates tho aubstratum and senda up 
into tho air stouter hyphac, tho tporanyiophorc* (.D), on which are borne the 
Hphorical HjKiranRia (C)- Ono sporangium has burst, shedding its spore.*), n few of 
which still adhero to tho central axis or columella of tho sporangium. Tho two 
groups of sporangiophoros aro coniioctcd by a atolon (D). 

I he Saprolcgnialcs and Peronosporales arc sometimes grouped 
together as the Obmycetes, from their licterogamous method 
of sexual reproduction. 

True Molds, or Black Molds {Mucorales ).—These fungi are 
very common on moist, decaying organic material such as 
manure, rotting fruit, and similar substances. Unlike the other 
Phycomycetes they are chiefly nonaquatic and are exposed 
freely to the air. 

Tho common bread mold (Jthizopue, Fig. 294) is the most 
familial* example. Its white, cobwebby mycelium will develop 
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ill almost any place where clamp bread is exposed to the air, for 
its spores are abundant evei'j'^vhere. The. much-branched 
liyphae {rhizoids) penetrate the substratum in all directions. 
The mycelium spreads over the surface by means of stouter 
stolons, from the ends of which new clusters of rhizoids are 
formed. At these .same points groups of erect hyphae, the 
sporamjiophorcs, rise into the air. At the tip of each is borne a 
globular sporangium which is cut off from tlic hypha by a wall 
which protrudes part way up into the sporangium, forming the 
columella. Between it and the outer wall the sporangial contenl.s 
are cut up by a series of furrows or cleavage planes into a great 


I 




Tio. 295.—Soxuul roproduction in Hhizopun. a and two oonju(;atinj< 
hyphuo in contact at the tips of their progarnotes; c» the cutting ofT of a gamete 
from each progameto: d, fusion of gametes; e, mature zygospore. {From 
Fitzpatrick.) 


number of small, dark-colored spores which are discharged into 
the air as the sporangium wall ruptures. Each is capable of 
germinating directly into a new plant. 

Sexual reproduction is isogamous or nearly so. Two short 
branches, or progametes, arising from adjacent hyphae approach 
one another and come into contact end to end. From the tip of 
each is cut off a single multinucleate cell which is a gamete, or 
perhaps more accurately a gametangium, since it possesses several 
nuclei. These two adjacent cells fuse to form a thick-walled 
multinucleate zygospore (Fig. 295). 

It has been found that two distinct strains or t3T5es*of mycelia 
often exist in this genus, entirely similar outwardly but function¬ 
ing quite differently in reproduction. These have been called 
the plus and minus strains and seem to correspond to the two 
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sexes, for zygospores are produced only when a plus plant and 
a minus plant come into contact. This hcterothallic condition 
was first discovered in these fungi but is now found in numerous 
other groups of both algae and fungi. In some of the Mucorales, 
however, one gamete is much larger than tlie other, and tlie 
mycelium which beai-s it is thus presumably female. Some 
forms of the bread mold are liornothallic, both types of gametes 
appearing on the same plant. 

I he situation within the zygospore is difficult to determine, 
but chromosome reduction presumably occurs liere, for the 
germinating zygospore produces a single sporangiophoje and 
sporangium, and the spores in the latter, as shown by the mj-celia 
which they produce, are already segregated into plus and minus 
types. 

Among the Mucorales occurs the remarkable genus Pilobolus, 
in which the entire sporangium is di.scharged several feet into 
the air by the rupture of a swollen vesicle beneath it, and the 
sporangiophore in so .sensitive to light that tliis discharge is 
always directed toward the brightest source of illumination, with 
results normally advantageous in spore tiispcrsiil. 

Tlie blactk molds are of considerable economic importance 
as causes of the softcuiing and rotting of fruits and vegetables 
while they arc transported or lie in storage. A few diseases, 
notably the blossom and fruit rot of sc;iuash, are caused by fungi 
of this group. 

llelatcd to tlie black molds are the Entomophthoralcs, many 
of which are important insect parasites. A familiar example is 
Empusa Muscae which attacks the hou.se fly, filling the insect 
with a whitish mycelium which finally breaks through to the 
outside and discharges its spores into the air. 

Ascomycetes, or Sac Fungi.—This enormous group of plants 
includes over 20,000 species. They show but little resemblance 
to the algae, and althougli all must have come originally from 
some chlorophyll-bearing forms, their e.xact ancestry is not clear. 
These fungi arc typically land-inhabiting plants and include both 
saprophytic and parasitic species. Both groups differ from the 
Phycomycetes in the fact that their hyphae are divided into cells 
by cross walls and that sexual processes are much modified. 
The plant body commonly consists of a much-branched mycelium 
extending throughout the substratum and a definite fruiting body 
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which is developed at tlie surface. Each group displays a rather 
specialized method of spore formation. 

The Ascomycctos are distinguished by their production of 
spore sacs, or asci, in each of which are borne (ordinarily) eight 
spores, the ascospores, surrounded by some cytoplasm not used 

up in their formation (Fig. 296). 
A group of asci are generally em¬ 
bedded in a mass of sterile hyphae 
and partiallj' or completely sur¬ 
rounded by a protective envelope 
of compact mycelium. Such a 
fruiting body is known as an 
ascocarp. In many cases this 
ascocarp has been found to origi¬ 
nate as the result of a sexual union 
deep in the mycelium, the whole 
process bearing a considerable re¬ 
semblance to that found among 
the red algae. In some other 
cases the sexual organs appear 
to be reduced or altogether sup¬ 
pressed. The Ascomycetes in¬ 
clude an immense variety of types, 
only a few of which can be men¬ 
tioned here. Many serious plant 
diseases arc produced by members 

f'lG. 296.—Spore production in 
an A.-^coinyceto. Portion of the ^ 6 OUp. 

hyincnium, or fruiting surface, of In the simplest AscomycetCS 

oigia oscosporos. Among the asci ^sci are not mcloscd m a fruit- 

nre slender, sterile hairs, or paraph- ing body of any Sort. Thus, in 
yses, and two young asci. al c •_ au 

ExoascuSf the fungus causing the 
destructive leaf curl of peach, the mycelium penetrates the 
tissues of the host and finall 3 ’^ sends special hyphae to the surface, 
where the tip of each develops into an ascus. 


i 

■ 
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Cup Fungi {Pezizales ).—Throughout this order (Fig. 297) 
the ascocaiT) is a broad disk, cup, or funnel kno\STi as an apo- 
thecium, and the name Discomycetes, or disk fungi, is therefore 
often applied to the group. The inner surface of the cup con¬ 
sists of a layer of asci and sterile hyphae, or paraphyses. Such 
a laj’^er is kno^vn as a hymenium. These plants are almost 
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all saprophytes, and their brightly colored fruiting bodies ar<* 
conspicuous on rotting logs, damp eartli, and in similar situations. 

The sexual reproduction of Pyronetna, a member of this grouj>, 
has been carefully studied and may be described as typical, in its 
general history, of most Asco- 
mycetes. The mycelium is 
apparently haploid in charac¬ 
ter. The sex organs arise as 
short, adjacent Iiyi)hal 
branches, one the antlieridium 
and the other the ascogoujum 
(corresponding to the oogo¬ 
nium of lower groups). At 
the tip of the latter is a tubu¬ 
lar outgrowth, the irichogyne, 
which somewhat resembles 
that of the red algae and, 
among other things, suggests 
a relationship between these 
two groups. ]3oth se.x organs 
are multinucleate. The con¬ 
tents of the antheridium enter 
the trichogyne and pass 
down into the ascogonium. 

Xo sexual fusion takes place 
here, apparently, but the nu¬ 
clei become associated in pairs, 
or diraryouSfOiw memberfrom 
the male parent and one from 
the female. From the ferti¬ 
lized ascogonium now grow 
out a series of ascogo7iial hy- 
phae into which the paired nu¬ 
clei puss. From these hyphuc 
are ultimately cut off cells in 



Flu. 297.—Above, section throufch the 
apothociatn of a cup Humaria. 

Dclow, a portion of the hynieniuin much 
enlarged showing osci and paraphysci^. 
(After Sache.) 


each of which is a single di- 
caryon, and here the two nuclei actually fuse. Each of these 
cells now develops into an ascus. In the ascus there are tlirco 
nuclear divisions, producing two, four, and finally eight nuclei, 
each of which, with a mass of cytoplasm about it, becomes an 







I'io. 298.—Diagram of nuclear history iu tho Ufo cycle of a hoterothalUc 
Ascomycctc. Multinuclcato anthcridium from one mycelium (hero tho — one) 
discharges nuclei into a multtnuclcatc ascogonium. From this, ascogonous 
hyphue grow out, each cell with two nuclei, one from each original mycelium. 
In the enlarged terminal coll of one of theso hyphao, the two nuclei fuse and this 
single nucleus divides into two, four, and finally eight. During tho first two 
divisions inciosis occurs. Around the eight nuclei form tho eight spores of the 
ascud. Tho uninucleate hyphao form tho tissue of tho fruiting body and tho 
paraphysos. Sox organs disappear long boforo the frmting body is mature and are 
rolativoly much smaller than in the diagram. (From L. TT. Sharp,) 

entire mass of tissue from the fertilized ascogonium to the ascus- 
producing cell (wliich is the first truly diploid cell) may be 
regarded as corresponding in general to the sporophyte. The 
main tissue of the fruiting body which develops around this is 
produced by the mycelium and is not sporophytio. 

Studies in other Ascomycetes, particularly the pink bread mold 
{Neurospora), show conclusively that reduction takes place imme¬ 
diately after nuclear fusion but in an unusual fashion. Neuro- 
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sjxyra is het^rothallic, as are probably ^•el•y many Ascomvcetes, 
and sexual reproduction will occur only when a plus and a minus 
mycelium come into contact. The fusion nucleus must evidently 
contain both potencies, but the individual ascospore can bo shown 




c o e 


Fi<j. 21)0.—Scf^rogation in five a«ci of A'euro«/>ora» for box and for prcacnco or 
ahttcnco of conidiu. Black and w)utc biyorca indicate diiTerenco in box; dotted 
and plain, presence or alxicncc of conidia. When fto«re«ution of the character 
occurs at the firwt diWnion after nuclear fuKion* the terminal four spores are of 
one type and the basal four of the other. Where it occurs^ at the second di\isiion. 
the iMicloj are in four paira. Thus in aacua C, Hoi^reaution for bcx occurred ot the 
Crat di>iftion and for conidia formation at the eocond division. (Prom 2i. O. Dodoe.) 


(from the character of the mycelium which grows from it) to be 
either plus or minus. By growing and testing mycclia from each 
of these eight spores in an ascus, it has been found possible to 
determine, from their order in the ascus, that in some cases the 
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Hegregation for "sex” occurs in the first nuclear division in the 
ascus and sometimes in the second. Other genetic characters 
have also been sho^^^l to behave in the same way, and Neurospora 
is thus excellent material in which to study inheritance in such 
simple plants (Fig. 299). It has recently been shown that various 
jjlij'siological difTerences between races of Neurospora, such as the 
ability (or lack of it) to produce a certain vitamin, may be 
due to a single gene mutation, and this fungus is therefore yielding 
important information on the difficult problem as to the chemical 

mechanisms by which genes con¬ 
trol the development of particular 
charactei*s. 

Related to the cup fungi are the 
Morels {llelvellales), which develop 
large, fleshy, and edible fructifica¬ 
tions, the fruiting surface of which 
is broken up into irregular pockets; 
and the Truffles {Tubcrales), which 
produce subterranean, tuber-like 
ascocarps, usually associated with 
the roots of oak trees and much 
prized as delicacies. 

Black Fungi {Pyrcnomyceles ).— 
Here are found a large and 
varied group of fungi which in¬ 
clude both parasitic and sapro¬ 
phytic species. Their mycelium 

IMO. 300. —Poaospora fimwda • i j j x j 

Lon^itudinni woction through a IS often harrcl Q.ncl Compact and 
pciithecium, allowing nsci. {After jg characteristically dark in color. 

The ascocarp (as in many other 
Ascomycctcs) consists of a very small, flask-shaped struc¬ 
ture, the pcrUhccium (Fig. 300), lined wth a hymenium and 
opening to the air by a minute pore. Here belong the knot and 
wart fungi found on so many woody plants, some of wliich, such 
as the black knot of plums (Fig. 301), are serious parasites. In 
this order also occur the destructive chestnut-bark fungus, apple 
scab, and other important disease-producing organisms. 

Powdery Mildews {Erysiphalcs). —These small fungi develop 
a cobweb-like mycelium which spreads over the surface of the 
leaves of many plants and is parasitic on their epidermal cells. 
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Conidia are produced in abundance, and tiie perithecia arc visible 
as small, roundish bodies, often beautifully ornamented. 

Blue and Green ^lolds {Plcclascalcs ).—Here are found the 
common molds (aside from the Mucorales) whicli appear on 
almost any organic substances whicli will mold when subjected ti> 
dampness (Fig. 302). Their abundant masses of conidia, usually 
formed in radiating chains, are typically bluish or greenish 



1*10. 301 .—Ploicrighlia morbosa, the " bluck knot” of plums jind chorricM 
Hard, black fruiting n)a.‘js of the fungus on a twig which it has attacked. The 
binall dots ore oi>ctiiuKtt to iho |>onthccia. 



rt|>orcs or conidia. (From Strasbururr.) 

in color. Aspergillus produces the green and yellow molds 
commonly found on leather and otlier materials. Penicilliuin 
forms tiic blue molds found on bread, cheese, lemons, and many 
other substances, and some species arc economically important 
in the ripening of various types of cheese, such as Ro<iuefort 
and Camembert. This genus is most notable because of the fact 
that one of its species, P. nolalum, produces penicillin, a sub¬ 
stance which has been found to kill or inactivate many types 
of pathogenic organisms in man ^vithout injuring the body itself. 
It is used with remarkable success in the cure of many diseases 
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caused by bacteria, such as pneumonia and infections of the ear 
and throat, especially those caused by the bacteria Streptococcus 
and Staphylococcus. It is of great value in combating infections 
which follow wounds. Substances like penicillin are known as 
ondbiotics (Fig. 303). Others arc being discovered in various 
members of the plant kingdom, especially among the fungi, and 
their use promise.s to aid greatly in the control of many diseases 
cjf man ami his domestic animals. 



Fio. 303.—Antibiotic effect of Photofcraph of n potri dish of nutrient 

agnr on whicli a pntliogonic yonst, Candida albicans, has been sown and now 
appears ns small white colonies. On the agar have been placed six paper disks, 
each inoculated ’nnth a diflercnt fungus from soil. Around each of the three 
upper disks is n dark zone indicating that tho yeast growth has been inhibited, 
thotigh to u different decree in each cose, and that these f\ingi produce a substance 
that has an antibiotic cfTcet on the yeast. No such zones appear around tho 
three lower disk.s, showing tho absence of an antibiotic effect on yeast by these 
fungi. {Courtesy of P. Tf. Burkholder.) 

A few members of this gi*oup of fungi cause skin infections in 
man, but the most important of such diseases, notably ringworm 
and athlete's foot, are caused by fungus parasites the exact 
relationships of which are still in doubt. 

Yeasts (Saccharomycetes ).—These minute plants (Fig. 304) 
are usually regarded as reduced Ascomycetes. The individual is 
a single cell, possessing a definite nucleus, cytoplasm, and 
sap cavity and producing, by the process of “budding,” a loose, 
irregular chain of cells. Yeasts are very active metabolically 
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Fio. 
mycrs) , 
various 
bu<l<linir. 


30*1.—"Yeast {^Siicchfiro^ 
Siti|ele«cellcd plants in 
stages of ^division or 


and grow rapidly by this vegetative means. In some species and 
under certain conditions the contents of a cell divide to form 
four spores; it thus represents a modified ascus. \'egetativc 
cells are diploid but reduction takes place in s[)ore form.ation, 
as in the ascus. These haploid .spores are e.ssentially gametes 
and unite in pairs to form the diploid cells which then multiply 
\ (*getati\-ely. In such types then; is thu.s a cycle of sexual 
reproduction essentially like that in higJier plants. Crosses 
between different strains can be 
made by bringing togetlier spores 
from asci of two of them. Follow¬ 
ing such hybridization, typical ge¬ 
netic segregation of a number of 
traits has been observed. This is 
important not only b(‘causc yeasts 
are the simplest plants in whi(*h 
this type of inlieritance, character¬ 
istic of all higher organisms, has 
been ob.sen'ed, but because by this 

moans various u.sefui traits may be combined and new yeast 
types of economic value thus produced. 

\ easts, despite their minute size, are of great practical impor¬ 
tance. Tlteir use in tlie raising of bread is familiar. I'hey 
are common sjipropliyfe.s on sugary substances, thriving in the 
absence of free o.xygen, and a.s the chief agents in alcoliolic 
fermentation are thus es.sential in brewing, wine making, and 
the production of industrial alcohol. Alorc recently their 
usefulness in other chemical processes has been discovered. 
Many of them synthesize vitamins. One species of the genus 
forula will form proteins abundantly from molasses or dis¬ 
tillery astes and ammonia. Ibis ]>romises to be an important 
new means for the ijroduction of large amounts of protein food 
for animals and man from inexpensive inaterial.s. Yeiusts seem 
sure to be of increasing significance in food production and in 
various industrial processes. 

Basidiomycetes, or Basidia Fungi.—Like the Ascomycetes. 
this is a very large and varied group. Its specialized reproduc¬ 
tive structure, the basidium (Fig. 305). is the swollen terminal cell 
of a liypha and typically bears four basidiosporcs, each supported 
on a delicate stalk, or steri-gina. The busidia are arranged in a 
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more or less definite fruiting surface, or hymenium. Aside 
from this difTerencc in the method of spore productiop, the group 
as a whole is distinguished from the Ascomycctes by the apparent 
rarity of sexual processes and by its larger and more conspicuous 
fruiting bodies. The Basidiomycetcs are regarded as the highest 
of the fungi and are believed to have come from Ascomycetes, 
the basidium representing a much-modified ascus. 

A few orders, which arc probably primitive, notably the Smuts 
{i'slUaginahs) and the Kusts (ih'edinales), differ from the typical 
Basidiomycetcs (or Aulobasidiomyccles) in having basidia (or 



Fio. 306.—Spore production in a Basidioinycoto. cross section of a few of 
the Rills of a mtishroom. B, a portion of the surface of one of the Rills, much 
enlarRcd. The stout cells arc hnsidia. Each of those bears four bosidiosporcs on 
slender stalks or stcriginata. The lowest basidium has shed its spores. 

structures thought to represent basidia) which instead of being 
one-colled are composed of three or four cells, each producing 
a spore. 

Smuts {UstUaginales ).—Here are found a number of destruc¬ 
tive parasites which especially attack floral organs, chiefly among 
members of the Grass family. The mycelium, which is at first 
composed of uninucleate cells but later of binucleate ones, 
spreads through the body of the host plant and at flowering 
time gathers in dense masses, particularly in the ovaries and 
surrounding tissues, which are swollen and distorted and form 
the so-called “smut.” The mycelium here becomes trans¬ 
formed directly into a mass of black, thick-walled spores, the 
chlamydospores. These smut spores come from binucleate cells 
and at first have two haploid nuclei, but these soon fuse. The 
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spores ma}’- infect afiain, but usually germinate the next spring 
in old stalks, soil, or manure and each spore produces a short 
filament of three or four cells, the protnycclium. This is thovight 
to represent a basidium, for each cell beai*s one or more spores, 
or sporidia. In the divisions which give rise to these, the nuclei 
are reduced from tlie diploid to the haploid state again. The 
sporidia attack young host plants and in their tissues form 
mycelia with uninucleate cells. These are heterothallic, and 
when two such mycelia of opposite type come together, cell 
fusions take place but no nuclear fusions. From sucli cells 
thus arise the characteristic binuclcate mycelia from whioJi 
smut spores are eventually formed. The smuts of com, oats, 
and wheat are particularly de.structive. 

Rusts {Urcdi?iales ).—All members of tins order are parasites, 
often becoming very destructive, and have the most complicated 
life histories of any of the fungi. 

The comjnon wheat rust (Pucciuia {/rofiiinis. Fig. 300) is the 
bc.st known member of the group. Tlie mycelium of this species, 
living in the tissues of the wheat plant, (consists of binmOoate cells. 
It finally breaks through the .surface and jjroduees clusters of 
one-celled, rcddi.sh, rougli-walled binuclcate spores, the summer 
spores, or uredospores, wjiieh give a nist-likc appearance to the 
stems and leaves. Each ure<lospore may bo borne by the winti 
or other means to another wheat plant where it germinates ami 
produces directly a new mycelium. Toward the end of the 
8ea.son, clusters of another type of spore arc produced at the 
surface of the plant. These arc black, two-celled, and hea\^- 
wallcd and arc kno^^'n as vinter spores, or tcliospores. Unlike 
the uredospores, each cell, as the result of nuclear fusion, now has 
but a single nucleus. They live over the winter, and in tlie 
following spring each cell germinates into a slender, four-cellod, 
saprophytic promycclium somewhat as in the smuts. Each of 
the cells here produces but a single sporidiiim, however, so that 
the structure displays a closer resemblance .to a typical basidium. 
The remarkable fact has been demonstrated that these sporidia 
(or basidiosporcs) do not infect wheat but will attack only 
plants of the barberry. The spores germinate on the barberrj' 
leaves, and the hyphac penetrate the tissues, producing there a 
vigorous mycelium which is now composed only of uninucleate 
cells. There is evidence that these mycelia are heterothallic 
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Fiu» 300«—Puc<^tuui craminis^ tho whent rust. A, wheat loaf with groups of 
summor spores (urodospores); uredospores (one teliospore among them); 
C» germinating uredosporo; D, wheat stem with masses of wintor spores (telio* 
spores); E, two tcliosporcs; F, germinating toliosporc« producing a promycelium 
on which arc borne tho sporidia; O, spori^um germinating on epidermis of bar* 
berry loaf; lower surface of barberry loaf» showing cluster cups or aecia; 
/, section through tho loaf of barberry showing spermagonium on upper surfaoo 
and aecium on lower. The aocium is producing mosses of aociosporest which 
infect wheat plants. (B, C, F» and G, a/ler de Bary.) 


and that the sporidia which produce them are either plus or minus 
in character. On the upper surface of the leaf soon appear small 
flask-shaped structures, the spermagonia, in which are formed 
enormous numbers of very minute cells, the spermeUia. These 
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are also evidently of two sexual types. They are extruded in a 
droplet of sweetish liquid from the mouth of the spermagonium 
and dispersed by insects. W lien one of them comes into contact 
with a mycelium of the opposite type (and apparently also when 
two mycelia of opposite type meet) a cellular fu.sion takes place, 
and a mycelium is developed in which eacJi cell has two nuclei.’ 
This type of mycelium produces on the lower part of the liarberry 
leaf a r/astcr cup, or accium, a flaring, cup-shaped structure which 
breaks through to the surface and from the ba.se of which arise 
long rows of acciospores, eacli possessing the binm^leate character 
of the mycelium which bears them. One of these nuclei is 
presumably plus and the other minus in type. These aecio- 
spores never reinfect the barbcny but attack only wheat plants, 
where they germinate into a binuclcate mycelium and thus 
complete the life cycle. 

This type of life history suggests in some respects that of the 
Ascomycetes. The postponement of nuclear fusion after cellular 
fusion is even longer, however, and the biiiucloatc condition is 
thus more conspicuous. The teliosporc is the first really diploid 
cell, and reduction evidently occurs in the formation of sporidia. 
The strictly haploid condition is limited to the mycelia produced 
directly by these sporidia in the barberry leaf. 

Many other rusts resemble this species in the surprising liabit 
of alternating between two distinct hosts and are termed hetcroe- 
cions; but some are confined entirely to one Iiost. The rusts 
produce many serious plant diseases, among tliem the wliitc-pine 
blister rust (Fig. 307), which has its spermagonial and accial 
stages on the wliite pine and its uredostage on currants and 
gooseberries, where, however, it is never a serious disease; the 
apple rust, which has its toliostage on the red cedar; and many 
others. Where one host is of economic importance and the other 
is not, such rust diseases can sometimes be controlled by elimina¬ 
tion of the alternate host. 

The typical or true Basidiomycetes, or Aulobamdiomycetes, 
include two main subclasses: the Ihjmerwmyceles, in which 
the fruiting surface or hymenium is exposed to the air; and the 
GaaUromytxles, in which it is'inclosed within the tissue of the 
fructification. These are both chiefly saprophytic, the extensive 
mycelium penetrating the substratum deeply and under favorable 
conditions producing at the surface very characteristic fruc- 
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tifications, or sporophores. Enormous numbers of spores are 
I)roducc(J. 

Ilymcnomycctcs .—These fungi are divided into a number of 
orders, but by far the most important are the Agun-calcs, or 



Fiu. 307,—Orange pustules of aocial stage of wliito-pino blister rust on pine 
stem. The alternate host is the currant or gooseberry^ {Courtesy of Department 
of Plant Patholojy, University of irwcorwtri.) 

agarics, which include the mushrooms and toadstools. This is a 
very large group and includes the most important of the so-called 
“fleshy fungi.” Because of the edibility of the sporophore of 
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many of its members and tlio poisonous character of a few of 
them, the Agaricales have receivcfi intensive study and are more 
widely known than any other fungi. 

The order is di\'ided into a number of families according to the 
type of fruiting body i>roduced. In the Agaricaceae, or gill fungi 
(Figs. 308 and 309), wliich are the mushrooms and toadstools 



Fio. 308—Tho common mushroom. AgaricuB cnmpeBtrU. Viowa of (lovcIopiiiK 

one) of mature fructi6cfiiioiis. 


proper, the hymenium covers the surface of platc-likc structures, 
or giUe. The sporuphore in this group is the typical “toad¬ 
stool,” which consists of a stalk, or stipe, supporting a broad 
cap, or pilcus, from the under surface of which hang the gills. 
At the base of the stipe is sometimes a cup, or volva, the remains 
of a membrane which is ruptured as the stipe elongates. Tho 
edge of the young pilcus is also often joined to the stipe by 
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a nu’inhrane which breaks as the pileus unfolds and which may 
leave a remnant both on the edge of the pileus and on the stipe. 
It should be remembered that the bulk of such a fungus is an 
extensive mycelium existing in the substratum out of ^^hich 
tlie sporopliore grows. This sometimes forms thick, root-like 
mycelial strands, or rhizomorphs. Fruiting bodies will not 
be pjoduced until an abundant food supply has been absorbed 
from the substratum and until the conditions of temperature 


Kig. 300.—A pill furiRUS groTsinR in a hollow trc^. The mycoliuin pcaotrates 
tho wood ill all directions and liaa produro<l the fruiting bodies here shown. In 
coses like this it is sometimes hard to tell whether tho fungus is a parasite or a 
saprophyte. 

and moisture are favorable. They appear first as rounded masses 
of hyphae on the mycelial strands. These enlarge into “buttons” 
which grow into the mature sporophore, the tissue of which is 
a compact mass of hyphal threads and thus quite unlike those 
of higher plants. This pushes out into the air from the sub¬ 
stratum, usually the soil or decaying organic matter. Under 
favorable conditions growth may be veiy rapid. Spores are 
carried away by the wind. A few of the species, notably Agaricus 
campestrisy are regularly cultivated and constitute a food product 
of some importance. A number are poisonous, and the amateur 
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mushroom collector is al\va3’s in danger of adding them to his 
menu. The wild edible species, however, form an abundant 
food resource which is still largel.v neglected. 

In the Poh-pores (Polj'poraceae, Fig. 310) the h\'menium 
lines narrow tubes \\hich open bj' pores on the surface of the 
pilous. These include manj' mushroom types as well as the 
hard, bracket-like forms so common on rotting logs, which are 
ver>' destructi\ e of wood and are sometimes parasites upon li\ ing 



Fio. 310.—Section through the brocket-hko fruiting Inxly of a polvpofo 
itomfn apfdatuilna) .•showing three annual layers. The bi>oros are prot'luccd 
Oil the lining of the minute tubes and drop out through the porc9 into the air. 
irrom tiuiler, ** /{c^carches on f^uni/i,*') 


trees. In the Tooth fungi (Hydnaccac) the hymeniiim covers 
the surface of tooth-lik<? or spine-like j)rojections. 

Close to the Agaricales are the Coral fungi (Clavariaics), 
the much-branched sporophores of which arc covered by the 
hymenium. 

Ihe sexual liistory of a number of these Ilymenomycctcs 
has now been determined with some degree of completeness. 
Typically, the basidiosporc germinates into a mycelium tlie cells 
of which arc uninucleate and haploid. In many cases these 
mycelia are heterothallic, though some are clearly homothallic. 
Cellular fusions occur in this primary uninucleate mycelium, 
between cells either of different mycelia or of the same one, and 
from these fusions secondary mycelia, with binucleate cells, 
develop. These may continue to grow for a long time, the 
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nuclear pairs dividing and maintaining their identity, and 
there is no fundamental morphological difference between these 
two types of mycelia. Finally, when conditions are favorable, 
the hyphae become massed together and form the sporophore 
cliaractcristic of the species. The hymenial surface consists 
of the elongated and swollen tips of the hyphae. Some remain 
as sterile paraphyscs and the rest form basidia. The young 
basidium is a binucleate terminal cell, but as it develops the 
two nuclei fuse. The fusion nucleus divides twice to form four. 
These enter the four swellings at the tip of the basidium w’hich 
are to form the four spores. It has been found that in some cases 
the spores arc discharged into the air by pressure developed 



Fio. 311-—PuffbalU. General appearance of young and of mature fructifica¬ 
tions* 

in the basidium. Each spore germinates into a mycelium 
with uninucleate cells. This sexual cycle is suggestive of others 
described in the Ascomycetes and rusts, but here the binucleate, 
or dicaiyon, condition is still more extensive, and there is a 
much longer delay betw'een cell fusion and actual nuclear fusion. 
The secondary mycelium and sporophore may be thought of 
as analogous to the diploid sporophyte generation, and only 
the primary mycelium is truly haploid. Reduction takes place 
in the formation of basidiospores. 

Gosteromycefes.—These are the highest of the fungi. Their 
fructification in general is a rounded mass of hyphae, the outer¬ 
most layer of which becomes differentiated into a cortex or 
peridium, surrounding the inner mass of hyphae and basidia 
w'hich is called the gleha. Two important orders are the Lycoper- 
dales and the Phallales. 
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Puffballs {Ly copen! ales ).—The sporophore in those fungi 
(Figs. 311 and 312) is a globular structure which in some species 
becomes verj- large and wliich is usually edible wlien young. At 
• maturity the peridium breaks oj)en at the top. and a mass 
of dark spores isdischarged tlirough it. Mo>t speciesarc n^lalively 
small, but tlie giant puffballs may rea<’h 500 cm. in diamet<‘r. 
The output of a single sporophore lias been e.^timated at 7500 
billion sjjores. If each of these produced a mature plant of full 



J-iu. 312. Saprojphytic fuDRi. Coral fundi, alwvc. .itul ymina eulTbulls. Ih'Iow. 
In tlie photogrni>li uro al.so forn». l> copod.s. and lvaf> liverwort!*. 


size, a mass of fungus 800 times the size of the eartli would 
result. 

SUnkhorns (Pfiallalcs ).—The gleba here ripens into a foul¬ 
smelling mass, breaks througli tlie peridium, ami is puslied 
upward at the end of a stalk (Fig. 313). The rank odor attracts 
to these fungi many carrion-loving insects. 

Lichens.—In addition to the algae and fungi proper, the 
thallophytes include a remarkable group of composite plants, the 
lichens. These are fungi in the mycelium of which groups of 
algal cells are entangled (Fig. 314, C). The advantage to the 
fungus of this intimate association is evident, and the alga is 
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also probably benefited to some extent. Instead of regarding 
this as a case of true symbiosis, however, most botanists look 
upon the fungus as parasitic on the algal member of the com¬ 
bination, even though this parasitism is vcr>^ mild. The two . 
component plants have been artificially separated, and it has 

been found that the alga can exist inde¬ 
pendently in every case but that the fun¬ 
gus is unable to do so. Lichens also have 
been “sjmthesized” experimentally by 
bringing appropriate algae and fungi to¬ 
gether. The fungus members of lichens 
are almost always Ascomycetes, although 
a few Basidiomycetes have been found. 

A number of different algae are repre¬ 
sented in lichens, but these belong mainly 
to the Cyanophyccae and to the Cliloro- 
phyceae. All are very simple in charac¬ 
ter. The fungus mycelium is often 
somewhat gelatinous and thus tends to 
absorb water readily and hold it ten¬ 
aciously. It is much more compact, 
differentiated, and definite in shape than 
that of ordinary fungi and is essentially 
a flat thallus. Three main types of thal- 
lus are recognized: the crustaceous, which 
grows closely appressed to the surface of 
rocks, bark, and similar sti-uctures; the 
foliosCy in which the thallus is broader and 
somewhat branched, suggesting that of 
the liverworts; and the fruticose, in which 
it is slender and very much branched 
and may be either erect or banging. 

Asexual multiplication is accomplished by the production and 
dispersal of soredi-a, or small bits of mycelium in which a few algal 
cells are entangled. The fructifications are conspicuous, and 
the ascocarps are usually either cup-shaped or disk-shaped, as 
in the Discomycetes (Fig. 314, A). Definite and functional sex 
organs, strongly suggestive of those in the red algae, have been 
demonstrated in certain species. 

Lichens are widely distributed over almost the entire land 



Fig. 313.— Phallus, tho 
stink horn. Fruiting 
body, showing tlio gleba 
abovo, ut the end of the 
stalk, and tho remains of 
the poridium below. 
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surface of the globe. They usually are xerophytic and ^^ill 
thrive on bare rocks and exposed places where no other vegetation 
can exist (Fig. 315). Their importance in nature as pioneer 
plants and soil formers is therefore considerable, but they include 
only a few species which arc of direct economic value to man. 
Most imnortant of these is the reindeer moss, Cladonia rangiferina, 



Vio. 314.— Physcui stdtaris, a lichoD. A, soction through an oscocarp* show* 
iQg fruiting surfaco (hymonium) of aaci and storilo hairs. B, a portion of the 
hymonium ciilargod, showing two asci and sovoral paraphyscs. soction 
through tho thallus, showing tho mass of mycoUol filamonts and (near upper 
surface) a group of algal colls imbedded in the mycelium. 


the special food of the reindeer. A few species are edible by 
man and one of the rock lichens is regarded as a delicacy in 
China and Japan. Many forms produce specific lichen acids 
which are useful as taxonomic characters and were valuable in 
earlier times as sources of dyes. One forms litmus, an important 
chemical indicator. 
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QUESTIONS FOR THOUGHT AND DISCUSSION 

774. Why is it pcncrally Ijclicvccl that fungi have evolved from algae 
rather than algae from fungi? 

776. There are many more species of fungi than of algae. Explain. 

776. Why is it that most fungi inhabit the land, and most algae the 
water? 

777. Is wind or water the comm<fticr agency for the distribution of the 
sjjorcs of the algae? Of the fungi? 

778. Why arc the numbers 2, 4, 8, 10, .32, and 04 so common in the 
l)roiluction of spores, gametes, and similar bodies? 

779. What is the advantage of the thick wall commonly found in 
zygospores and oospores? 

780. Wiy are so many fungi edible, but so few algae? 

781. Why are fungi so much more important economically than 
.algae? 

782. What steps can you suggest through which the parasitic habit in 
fungi may have arisen? 
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783. Spores of a given species of parasitic fungus will generally germi¬ 
nate and grow only on one or at most a few ho.'^t plants. What is there 
analogous to this selective action in any of the other physiological 
acliNities of plants? 

784. Why arc the fungus diseases of plants so much more common in 
the United States now than they were two hundred years ago? 

786. Why is a wound much more liable to attack by fungi than is an 
uninjured area? 

786. ^^^^y are fungus diseases usually more prevalent in wet weather 
tlian in dry? 

787. Wliy is a spray of such substance us copper sulphate effective 
in preventing fungu.s attacks oi» jjlants? 

783. IIow do you explain the fact that a piece of moist brcjtd slmt 
up in a box will ulmo.st always develop mold? 

789. Why should it bo that the bacteria are the commonest disease- 
producing parasites in nnimal.s, but that the higher fungi are the most 
important causes of disease among ])lunts? 

790. What various means can you suggest for combating the fungus 
diseases of crop plants? 

791. A variety of crop plants immune to a given fungus <liscasc may 
later become susceptible to it. Explain. 

792. Viruses have sometimes been compared to genes. What 
resemblances are there between the two? 

793. Antibiotics and substances like the 8ul]>ha <lrugs are of little 
value in the control of discu.scs cau.sed by viruses. Explain. 

794. What evidence is there that bacteria arc plants rather than 
animals? 

796. Why is it, do you think, that relatively few bacteria are auto¬ 
trophic? 

♦ 

796. What evidence can you find from the facts presented in the text 
that bacteria have descended from blue-green algae? That they have 
descended from the flagellates? 

797. The very minute size of bacteria is thought to be one reason why 
they arc able to maintain such a very high degree of physiological 
activity. Explain. 
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798. If a bacterium divides ever>' twenty minutes, and its descendants 
divide at the same rate, approximately how many descendants would 
it have at the end of twenty-four hours? (You can answer this by the 
use of a table of logarithms.) 

789. Why cannot plants be readily treated with serums and vaccines, 
as animals can? 

800. Why is it important to boil surgical instruments before using 
them in an ojjcration? 

801. Why are coughing and sneezing particularly dangerous as means 
of spreading infection? 

802. The use of penicillin and similar antibiotic substances may in 
time cause the appearance of veiy virulent strains of bacteria. Explain. 

803. Many substances have been found which, like i>enicillin, will 
kill bacteria or check their growth, but only a few of these can be \ised 
for the control of pathogenic bacteria in man. Explain. 

804. Why will food keep longer in cold storage than under ordinary 
1 ‘onditions? 

806. Why do not drier! vegetables and merits decay? 

806. Name at lejxst five different methods which are employed to 
preserve food and keep it from decaying, and state what makes each 
method effective. 

s 

807. In what respects do slime molds resemble animals? In what 
respects do they resemble plants? 

808. For w’hat sort of botanical investigations do the plasmodia of 
slime molds offer excellent material? 

809. In what respects is the development of the fruiting body of 
one of the Acrasiaceae different from that in most multicellular plants? 

810. In plants such as the chytrids, or other simple forms, how w’ould 
it be possible to determine whether this simplicity is a primitive char¬ 
acter or has resulted from degeneration? 

811. Wliat group'of algae does Rhxzopus most resemble in its reproduc¬ 
tion? 

812. What forms among the algae do the Mucorales resemble in 

possessing plants which look alike but are entirely different sexually? 

• 

613. Some kinds of fungi, notably the truffles, grow only near certain 
species of forest trees. What explanation for this fact can you suggest? 
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814. Why is a fungus like S'evTospora better material in which to 
study the chemical basis of gene differences than is one of tlie higher 
plants? 

815. In producing new strains of microorganisms, what advantage 
would you have in working with yeasts rather than with bacteria? 

816. In what regions is it likely that the synthesis of proteins by 
such a yeast as Torula will become an important industry’? 

817. Why are teliospores thicker-walled than uredospores? 

818. What simple means can you suggest for the eradication of wheat 
rust from a given region? 

819. ^Vhat conditions favor the luxuriant growth of mushrooms and 
toadstools? 

820. Of w’hat advantage to the fungus is the production of the 
“toadstool” type of fruiting body? 

821. What are the advantages of the gills, pores, and teeth commonly 
present in the fruiting bodies of the fle'^hy fungi? 

822. Of what use to the stinkhorn fungus is its carrion-like odor? 

823. In general, what insects are the commonest curriers of fungus 
spores? Explain. 

824. Why is it more difficult to determine exactly the extent of the 
sporophyte and gametophyte conditions in the higher fungi than it is 
in the algae? 

826. In a lichen plant what is the advantage gained by the fungus, 
and what by the alga? 

826. How different, in general, is the substratum on w’hich lichens 
grow from that which supports algae or fungi? Explain. 

827. Lichens are greener when moist than when dry. Explain. 

828. Th.e vegetative body of a lichen U more thin and thallus-like 
than that of most of the fungi. Explain. 

829. Why should it be that the algal members of most lichens are 
either blue-green or green algae and never brow’n or red algae? 

830. Of what importance arc lichens in the economy of nature? 

831. Aside from lichens, what other instances do you know in the 
plant kingdom where fungi become intimately associated with green 
plants? 



CHAPTER XVIII 

THE BRYOPHYTA 
By Hempstead Castle 

The Brj^ophyta in respect to their morphological features 
occupy a position intermediate between the green thallophytes 
and the pteridophytes. Although undoubtedly derived from 
green algae there is no evidence that they bridge the gap between 
tliese primitive forms and vascular plants, and it seems best to 
conclude that they represent a side line of development which 
luis not contributed to any higher tj-pcs. The group is identified 
by forms commonly known as mosses and liverworts but also 
includes the less familiar homworts or anthocerotes often referred 
to the liverworts. About 23,000 species of bryophytes are 
known, all of which are of relatively small size in comparison 
with other land plants, rarely exceeding a decimeter in length. 
They are essentially terrestrial and, for the most part, restricted 
to moist and shaded situations, requiring an abundance of water 
for reproduction and successful growth. A few are aquatic 
and this aquatic habit is thought to have been acquired second¬ 
arily and not to be primitive. A very few' have adopted what 
appears to be a xerophytic habit, living in the shallow' crevices 
of rocks where they are exposed to extreme temperatures and 
drying winds. Such forms, however, grow only during wet 
w'eathcr and are remarkable for their ability to w'ithstand long 
periods of drought. Although abundantly represented among 
the plants that make up the flora of the forests, ravines, and the 
north slopes of uplands in temperate regions, bryophytes seldom 
become a conspicuous part of the vegetation. In north tem¬ 
perate regions and extending into the arctic, however, certain 
species may cover large areas and form a striking or even a pre¬ 
dominating part of the vegetation. Acid bogs of the north 
temperate regions, including certain types of tundra of the far 
north, may consist largely of bryophyte species. In tropical 
forests also, especially at high altitudes, bryophytes may make 
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up a considerable part of the vegetation and often include tliose 
epiphytic species which hang in festoons from (he trees and 
shrubs. Although extremely important bet-ause of the role 
that they play in plant succession, br>’op)iytes have in general 
ver>' little economic importance. \\'ithin recent year?.. howe\ er, 
a number of species of the genus Sphagnum, the peat ino.^.'^es, 
have been used extensively as a garden mulcli, as a material to 
increase the water-retaining property of certain i)oor types of 
soil, and as a means of maintaining the relatively high soil 
acidity reejuired by certain decorative and otherwise economically 
important plants. 

To the botanist the bryophytes arc of particular interest. The 
knowledge of their structure, pliysiolog^', and reprodu<*tive habits 
suggests how the primitive forms, whi{4i first emerged from the 
.s(*a, met the problems of the terrestrial environment. In 
addition, the group furnishes valuable experimental material 
for studies in plant nutrition, growth, and dilTerentiation. 

The independent green vegetative body, the gainetopliyte 
generation, is either a lcaf 3 ' axis or a thallus. The differentiation 
into a stem witli lateral lea'N'cs is characteristic of the mosses 
and the majority of the liverworts. The remaining liverworts, 
together with the anthocerotes, possess a thalloid type of plant 
body. In the leafy types the leaves and stems are not com¬ 
parable to the leaves and stems of the higher plants, because they 
lack the fully differentiated xylem and phloem of true vascular 
plants. It should not be overlooked, liowcvcr, that manj- of 
them do possess an imperfectly developed conducting sj'stem. 
In addition, they differ rather markedly in other anatomical 
features. One of the most striking characters of the bryopliytes 
is the absence of true roots. The function of anchorage is 
performed by filamentous structures known as rhizoids. In the 
mosses these arc multicellular and branched; in the majority' of 
the hcpaticos, unicellular and unbranched. At maturity 
rhizoids lack living contents and there is no evidence that they 
then may act as organs of absor|)tion. When produced in dense 
clusters, however, water may be retained in the capillary spaces 
between these bair-Uke cells and then may be taken up by the 
living cells of the plant surface. The absence of a root and of a 
highly organized vascular system clearly separates the bryophytes 
from the higher plant groups. Separation from the lower 
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groups is equally well defined. The sex organs of the bryophytes 
are considerably more complicated and the alternation of genera¬ 
tions has become more stabilized than in the thallophytes. 

The gametes of bryophytes are differentiated into eggs and 
sperms and fertilization always takes place within the female 



FtQ« 316.— Bryale^. A, malo plant of tho common hair cap moss» Polytriehum, 
bearing antheridia in a terminal inflorescence* B, female plant of the same bear* 
ing sporopliytos showing seta and mature capsule. Tho capsule at the right is 
still covered by the hairy calyptra. C, longitudinal section of a typical archogo* 
nium. D. longitudinal section of a typical anthoridium* {After Smith.) 


sex organ. The gametes are always produced within multi¬ 
cellular structures, one outstanding and invariable character 
of which is the presence of an outer layer of sterile, protective 
cells. In the thallophytes, on the other hand, the sex organs 
are, as a general rule, unicellular. Where multicellular sex 
organs do occur in this lower group, all cells of the structure, 
with but few exceptions, are fertile and produce gametes. 
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The male sex organ, as in the tliallophytes, is kno^\^l as thn 
antheridium (Fig. 316, D). It consists of a globose or somewhat 
elongate, swollen sac supported by a more or less slender stalk 
The covering or so-called sterile jacket is always one cell in 
thickness and surrounds a solid maj^s of small, cubical cells. 
Each of these inner cells eventually produces two motile sperms 
each provided with a pair of cilia. At maturity, provided the 
plants are wet by dew or rain, the jacket ruptures somewhat 
irregularly at the tip and the sperms escape. 

The female sex organ is knowm as the nrchegonium (Fig 
316, C). It is a flask-shaped structure, the swollen basal portion 
of which is termed the venter and the somewluit more slender, 
elongate upper portion the wccA*. In the mosses and the liver¬ 
worts it is always on the surface. In the anthocerotes, on the 
other hand, it is almost completely embedded in the thallus 
tissue and only the tip of the neck is exposed. It consists of an 
outer jacket of sterile cells enclosing a central, elongate cavity 
or canal in which are contained the cells irftiking up the so-called 
axial row, consisting of the large egg cell, a small ventral canal cell, 
and a variable number of neck canal cells. Soon after the 
archegonium attains its full development the canal c<*lls break 
down, thus filling the cavity with a slimy decompo.sition mate¬ 
rial. This slime imbibes water, swells, and ruptures the jacket 
at the tip of the neck. A droplet of the slime, extruded through 
this opening, attracts the sperms, probably bj' the presence of 
chemical substances produced either by the egg or througli the 
disintegration of the canal cells. Although many sperms may 
enter the neck, only the one w'hich first reaches the egg effects 
fertilization. Following the union of the gametic nuclei, the 
egg cell is diploid as to chromosome number and represents 
the initial cell of the sporophyte generation. Archegonia and 
antheridia, or structures which have been derived from them, 
may be recognized in the gametophytes of all the remaining 
members of the plant kingdom. 

The cytological investigation of the hepatic Sphaerocarpos has 
demonstrated the presence of morphologically distinct sex 
chromosomes of the XY type and made clear for the first time 
that a chromosomal mechanism controlling the inheritance of 
sex similar to that found in most animals also exists in the plant 
kingdom. Studies in other bryophytes and among the dioicous 
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i^eed plants show that morphologically distinct sex chromosomes 
occur in many of the forms inqestigatcd. In the others, however, 
the sex chromosomes are morphologically indistinguishable. 
Since the separation of the sex chromosomes takes place at 
meiosis, it is obvious that two spores of each tetrad will develop 
into female gametophytes and two into male gametophytes. 
'I'his fact was first demonstrated long before the discovery of sex 
chromosomes and before there was any understanding of sex 
determination in plants. 

The inve.stigations of recent years have shown, as indicated in 
the previous chapter, that an alternation between a gamete- 
])roducing and a spore-producing generation, which is so definite 
in the bryophytos and in the vascular plants, exists in at least a 
few of the thallophytes. It is particularly clear in certain red 
and brown algae, and the cytological details have been worked 
out in a number of cases. The two generations may be quite 
similar or somewhat different, and in many cases one or the other 
is rcprc.scnted by a shigle cell. Evidently this alternating life 
cycle is fur from fixed in these lower plants, but its widespread 
occurrence suggests that it provides some important advantage, 
whicdi presumably lies in a multiplication of the beneficial effects 
of a single sexual union. In the majority of thallophytes the 
fertilized egg, the first cell of the sporophyte, becomes separated 
from the gametophyte. In the brj'ophytes and all higher types, 
however, the egg after fertilization is retained in the tissues of 
the gametophyte, and the sporophyte is thus presumably given 
a !)etter chance for development. This has resulted in a marked 
difference l^etwecn the two generations. In the bryophytes 
the “plant” is the gametophyte, and the sporophyte consists 
merely of a spore case and its accessory structures, which remain 
attached to the gametophyte and which are more or less depend¬ 
ent upon it. 

The bryophytes in general are characterized by unusually 
marked powers of regeneration. With very few exceptions 
each cell of the gametophytes of the mosses, liverworts, and 
horn worts remains capable of division and can, if given suitable 
conditions for growth, regenerate an entire new plant. This 
regeneration in many coses may occur in connection with the 
normal development of the gametophyte. More often, however, 
it is dependent upon the death or mechanical injury to adjacent 
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cells or upon the elTect of the removal of some organ such as a 
branch, a leaf, or a ventral scale. Among the mosses rc>generation 
has been observ'cd to occur not only from almost any cell of the 
gametophyte but also from the cells of the sporophyte, with the 
production of a green independent i>lant of the gametophyte 
type. This development of a gametophyte generation from a 
cell of the sporophyte generation other tlian a spore is known as 
apospory. As aposporous plants are produced from cells which 
have not undergone nuclear reduction, they possess the sporo- 
phytic or diploid cliromosome number and the ^•egetative feat ures 
of the gametoph 3 'tc generation. Diploid gametophytes tend to 
be larger and to have larger cells than the liaploid individuals 
and also may exhibit other features resulting from the presence 
of additional nuclear material. Such plants produce diploid 
gametes and union between these results in a sporophyte genera¬ 
tion bearing four sets of chromosomes, liy this process not 
only diploid but also triploid and tctraploid plants liave been 
developed. Apospory tends to support the view that the two 
generations, gametopliytc and sporophyte, are fundamentally 
alike and that the tj'pe of development e.xhibited bj' the sporo¬ 
phyte is more or less directly related to the cliange from the 
aquatic to the terrestrial environment which necessitates the 
production of dry, air-bomc spores to insure dissemination. 

In addition to the regeneration processes ju.st described manj'^ 
bryophyte species have specialized in the production of nse.xual 
reproductive bodies known as gemmae. These bodies are 
abundantly formed by the liverw'orts, possibly to a slight extent 
by the homwmrts, to a somew’hat less extent by the true mosses, 
and not at all by the peat mosses. Gemmae vary from single 
cells to multicellular bodies often of considerable complexity. 
They arc, moreover, highly specific and often furnish valuable 
diagnostic characters for the identification of species. The 
germination of a gemma usually begins after it has been dis¬ 
lodged from the parent plant and results in the adult type of 
gamctophytic plant, either directly or through intermediate 
stages. In many highly specialized forms the sexual reproduc¬ 
tive process has been largely abandoned and the dissemination 
of the species has become dependent upon vegetative methods. 
This condition is more often true in dioicous forms in which the 
male and female plants may be widely separated. In such cases 
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the fertilization of the egg within its archegonium by a sperm 
capable of motility only in a liquid medium is practically impos¬ 
sible. Such forms depend wholly upon vegetative reproductive 
methods and may become specialized to the extent that they 
no longer produce tlic sexual structures under ordinary condi¬ 
tions. It is quite possible that the adoption of vegetative repro¬ 
ductive methods to some extent may be responsible for the wide 
separation of male and female plants of certain dioicous species. 

Although the precise origin of the biyophytes remains one of 
the unsolved problems of plant evolution, it is generally agreed 
that they luivo been derived from green aquatic thallophytes. 
'I'here can be no doubt that they are of great antiquity in spite 
of the fact that their paleontological history has not been traced 
with any certainty back of the Carboniferous. Accepting the 
theoi’y of algal ancestiy, modem bryologists have more or less 
modified the older classification within the group to make it 
consistent with this theory. The radially symmetrical types 
are now thought to be the most primitive and to represent the 
earliest forms which became established in the change from the 
aquatic to the terrestiial environment. Further adaptation 
gave rise to tlorsiventral types with a change in the position of the 
sex organs from a terminal to a lateral or dorsal position. The 
group, as now interpreted, is composed of several unrelated lines 
which have developed in a more or less parallel manner. 

Division Bryophyta* 

Class Musci 
Order Brj'alcs 
Order Androacales 
Order Sphagnales 
C-lass Hepatioac 
Order Calobrj'alcs 
Order Jungermanniales 
Order Metzgerialcs 
Order Sphaerocarpales 
Order Marchantiales 
Class Anthocerotae 
Order Anthocerotales 

• For the convenience of the student the features of the various groups 
arc summarized at the close of the chapter. 
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CLASS MUSCI 

The Musci include three orders: the Brj’ales, the Andreaeales, 
and the Sphagiiales. In each of these orders the mature gumeto- 
phyte phase is the conspicuous vegetative plant and consists 
of a more or less erect, often branched axis bearing leaves in 
spiral arrangement. In the Br 3 ’ales and Andreaeales the 
antheridia and archegonia arise onlj' at the apex of the main 
axis or of a branch. In the Sphagnales, on the other hand, 
although the archegonia are still terminal, the antheridia occupy 
a lateral position. In the Brj'ales the spore witli but few excep¬ 
tions gives rise directly to a juvenile stage consisting of a branched 



lilamentous body knowTi as the protoncma (Fig. 317). In contrast 
to this, in the Andreaeales and Sphagnales, the juvenile stage 
of the gametophyte phase rather quickly changes to a more or 
less expanded and usually branched thulloid body. Tlie ter¬ 
minal position of the sex organs and the often c.xtensive fila¬ 
mentous protonema characteristic of the Bryales are now regarded 
as indications of a condition less advanced than that suggested 
by the lateral position of the antheridia in the Sphagnales and 
by the expanded, juvenile gametophyte stage of both the Andre¬ 
aeales and Sphagnales. 

Order Bryales or True Mosses 

The Bryales or true mosses are world-wide in their distribution 
and are to be found in practically all situations in which plant life 
can be supported, wdth the exception of the sea. The group 
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includes a few aquatic forms and a somewhat larger number of 
xcrophytes. The majority of mosses, however, occur in more 
or less <lensely wooded areas growing on soil, on rocks, on decay¬ 
ing logs, and on the bark of living trees. Such mesophytic moss 
species not only constitute a conspicuous part of the forest 
vegetation, but contribute to the humus layer. Moreover, 
each habitat tends to support a more or less definite moss flora 
and the importance of the group from the standpoint of ecology 
is fully recognized. Modem taxonomists recognize 80 families 
of true mosses containing about 650 genera and approximately 
13.500 species. 

The conspicuous vegetative body of the moss is the leafy stage 
of the gametophyte generation (Fig. 316, A and B). Fully 
developed moss plants range in size from a few millimeters to 
several centimeters in heiglit. In this mature stage of develop¬ 
ment the gametophyte consists of a more or less erect, often 
branched axis bearing in spiral arrangement flat, lateral struc¬ 
tures, the so-called leaves. In addition, numerous rhizoids are 
usually produced from the basal portion of the axis. 

This adidt gametophyte plant is preceded by a juvenile stage 
or protonema. This arises directly from the spore and consists 
of a more or less branched system of filaments composed of 
somewhat elongate cells, and rather closely resembles a green, 
branclied, filamentous alga. That portion of the protonema 
which grows over the surface of the substratum is made up of 
cells containing numerous small chloroplasts and has transverse 
crosswalls. Some branches of the protonema, however, push 
do\\Tiward into the substratum and in these rhizoidal branches 
the crosswalls are oblique and the cells lack chloroplasts. These 
function mainly as organs of attachment but in their early stages 
may absorb water and mineral nutrients as well. Eventually a 
number of the terminal cells of the bmnehes of the green portion 
of the protonema become swollen and form bud-like bodies 
(Fig. 317). By a series of oblique walls each bud develops a 
so-called “apical” cell which gives rise to the leafy axis. The 
apical cell has the form of an inverted triangular pyramid and 
is embedded, except for its base, in the apex of the bud. It 
cuts off in regular succession three ranks of lateral segments by 
walls which at first, at least, are parallel to the embedded faces. 
No segment is formed toward the fourth surface which is exposed 
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at the tip. The segments of the apical ceil by growth and .sub¬ 
sequent divisions form the tissues of the axis and tlie leaves. 
This mechanism at first results in three ranks of leaves but the 
three-ranked arrangement is rarely permanent. In the majority 
of cases, owing to the inequalities of growth, the arrangement 
of the leaves becomes more complex. With the establishment of 
the leafy axis the protonema disappears in most moss species. 

In general, among the Br>’ales, a cross section of tlie .stem shows 
a simple structure with no marked specialization of cells. liie 
outer portion is made up of rolati^•cly large cells wiiich contain 
chloroplasts and which supplement the synthetic work of the 
leaves. In the center of the axis the cells are smaller in diameter, 
more elongate, and posse.ss walls that may be somewhat thick¬ 
ened. This central strand of somewhat difl'erentiated cells 
provides a certain amount of mechanical support and may, 
to some degree, take care of (conduction as well. In some of 
tlie more complex membei*s of the group, however, specialized 
tis.su(?s maj^ be dilTerentiated in the central region of the axis. 
Such axes are comparable to those of the more primitive vascular 
plants in the development of specialized tissues for conduction, 
storage, and support. 

In a number of mosses the mature leaf is one cell in thickness 
throughout. In most species, however, the leaf has a midrib 
consisting of several layers of elongate cells often with highly 
pigmented walls. The margin of the moss loaf may be entire 
or toothed or may sh(jw a border of otherwise modified cells. 
In a few genera the absorbing surface area is increased by 
erect, longitudinal plates or lamellae of green cells produced 
on the upper surface of the midrib. 

The sex organs of the moss plant arc in terminal groups. In 
fact, they may be said to be at the mor]>hological apex of the 
main axis or branch, since the first-formed antheridium or archo 
gonium arises from the apical cell itself. The groups may consist 
of antheridia or of archegonia alone or of mi.xcd anthcridia and 
archegonia and are always associated w’ith sterile, multicellular 
hairs or paraphyses. These structures, together w'ith the young 
leaves surrounding the group, afford protection against water 
loss. The formation of the sex organs limits tlie vegetative 
gro\vth of the axis. The antheridium of the moss is elongate, 
short-stalked, and resembles that of the other bryophj'tes in 
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general features of structure and development. The archego- 
tuum, on the other hand, is distinguislied from that of other 
hryophytes by its method of development and, in the mature 
condition, by the possession of a relatively long neck, numerous 
neck canal cells, and a somewhat massive venter and base. 

Immediately following fertilization the egg secretes a cell wall 
ajul begins the development of the sporophyte, drawing on the 
gametophyte for all the materials necessary' for its early stages 
of growth. I'he basal portion of the embryo penetrates the 
stem to a short distance, forming the foot, which is the organic 
connection with the gametophyte through which water, nutrients, 
and foods move for the nourishment of the young sporophyte. 
During this period the venter of the archegonium resumes 
growth and for a time keeps pace ^^^th the developing sporophyte, 
forming a protective covering known as the cahjptra. Eventu¬ 
ally, however, the upper portion of the sporophyte elongates 
to the extent that the calyptra is tom away by a circular break 
near the base. Still covering the apical portion of the sporo¬ 
phyte, however, it may remain as a protective structure until 
maturity of the sporophyte is attained. Subsequent to the 
formation of the foot the upper portion of the sporophyte 
becomes differentiated into a slender stalk or seta and a terminal 
spore-bearing structure or capsule (Fig. 318). The capsule is 
um-shaped, and may be erect or nearly so, or pendent. It 
has a somewhat swollen base knoNMi as the apophysis and is 
surmounted by a cap or operculum. As the capsule approaches 
maturity the wall differentiates into an outer compact epidermal 
layer covering a photosynthetic tissue. This consists of one 
or more layers of compact cells on the outside and an inner loose 
region containing large and irregular air chambers. The epi- 
tlermis, especially in the region of the apophysis, contains 
numerous pores or stomata structurally similar to those of the 
higher plants. It is evident that the sporophyte at this stage 
of development is able to synthesize at least part of the car¬ 
bohydrates required for its growth. The sporogenous tissue 
in the form of a hollow cylinder lies inside the photosynthetic 
region and encloses the columella, a solid cylinder of pith-like 
cells. The opening of the spore case just below the operculum 
is closed by a single or double layer of teeth making up the peri- 
slome. These teeth are attached only at the base and taper 
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upward. They are highly hygroscopic, elaborately sculptured, 
and play an important part in the dissemination of the mature 
spores. \Mien the capsule approaches maturity the sporogenous 
cells cease to divide, separate from one another, and in this 
stage are kno^^•^ as spore mother cells. Each spore mother-cell 
nucleus now undergoes two successive divisions and form.s four 
daugliter nuclei \rtth the reduced or haploid number of chromo 



I'Ki. 318.—Loiifptudinal unction of tho capsule of a iuom {Futuiria). 


Homes. Walls are now laid do\\'n separating these nuclei, and a 
tetrad of four spores results. At the time of spore formatioii 
the green cells of the wall shrivel and lose their color. The 
tissues of the interior break do\\Ti completely leaving the spore 
case filled with a loose mass of spores, all of which have been 
derived from spore mother cells. Tho operculum becomes 
detached and the peristome teeth now separate, allowing the 
escape of the spores. 
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In tlie majority of mosses the change from haploid or gameto- 
phyte generation regularly alternates ^^'ith a diploid or sporo- 
pliyte generation. This regular alternation of generations, 
however, does not always occur. In fact, there are many species 
wliich rarely if ever produce sporoph^'tes. This is particularly 
true of those species in which the male and female plants may be 
widely separated and in which, as a result, the transfer of the 
sperm to the egg by natural agencies has been rendered difficult. 
vSuch species in particular have developed various methods of 
vegetative propagation. Some produce gemmae which pass 
through a protonemal stage and eventually give rise to new leafy 
plants. Entire leaves, fragments of leaves, and short specialized 
branches may also act as vegetative reproductive structures. 
The group as a whole is remarkable for its ability to regenerate 
an entire new individual from almost any living cell or fragment 
of the living plant. Unspecialized cells isolated from various 
parts (jf the sporophyte have been observed to develop protone- 
mata and eventually leafy plants identical in appearance to 
the leafy gametophyte. Such aposporous plants are of par¬ 
ticular interest because the chromosome number has not been 
reduced. 

In spite of the high degree of specialization attained by the 
mosses, particularly in connection with the mechanism for spore 
dispersal, the group must be regarded as a closed evolutionai'y 
line. The gametophyte generation is imperfectly adapted to 
the land environment since it requires water in which the motile 
sperm must swim to effect fertilization. The sporophyte genera¬ 
tion lacks both a root and an effective conducting system and 
consequently is neither structurally nor functionally equipped 
for independent existence. 

On the other hand, the mosses sliow in a number of respects 
advance over the members of the preceding group. Alternation 
of generations has become definitely stabilized and the problem 
of adaptation to a land habitat more completely solved. The 
consistent elevation of the sporophyte to a relatively conspic¬ 
uous and prominent position in the plant life cycle is the response 
to the requirement for the production of great numbers of dry, 
air-bome spores. The group is important in illustrating some 
of the steps in the evolutionary change which must have occurred 
in plants in the migration from the sea to the land. 
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Order An’dreaeales 

This is a small order including a .«;inglc family and two genera, 
^Vudrcucci and ^curolonia. The species of A.TulrcQt'a nuinboj' 
about 120 and all are mosses of small size and usiiully dark brown 
to black in color. They grow exclusively on rocks and, for the 
most part, are subpolar or restricted to high elevations of tem¬ 
perate regions. Neuroloma is monotypic and known only from 
Fuegia. 

The leafy gametophyte of the Andreaeales resembles that of the 
true mosses. As in the mosses, moreover, the juvenile stage or 
protouema is strikingly different from the adult plant. It 
grows by means of an apical cell with a single posterior cutting 
face and may form a much-branched, narrow ribl)on or a broader, 
leaf-like plate. In either case, certain of the finer branches may 
act as rhizoids. The buds which give rise to leafy axes may 
arise from inner as well as from marginal cells. 

The sex organs re.semljle those of the true mosses both in regard 
to position and development. 

The mature sporophyte differs from that of the Bryales in a 
number of features. There is no development of the seta region 
and the somewhat tapering foot is embedded in the tip of the 
gametophyte axis. Following fertilization and with the devel¬ 
opment of the sporophyte the apex of the gametophyte axis 
elongates into a slender, naked stalk {.pseudopodium) which super¬ 
ficially resembles a seta. The sporogenous layer is in the form 
of a conical dome covered by the capsule wall in which there is no 
differentiation into operculum or peristome. At the maturity 
of the spores, the capsule wall opens by four well-defined, longi¬ 
tudinal slits through which the spores are shed. 

Order Sphaonales or Peat AIosses 

The Spliagnales contain a single family, Sphagnaccae, which in 
turn has but a single genus, Sphagnum, with a world-wide dis¬ 
tribution extending from the tropics north and south through 
temperate zones to subarctic and subantarctic regions. About 
325 species are recognized. Within the colder limits of this 
wide range of distribution the species often form a conspicuous 
part of the tundra vegetation in combination with other bryo- 
phytes and lichens. In temperate regions they are to be found 
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ill wet meadows, ricii, damp woods, and acid ponds and lakes. 

In the latter situations they play an important part in the con¬ 
version of such lakes and ponds to bogs and swamps. Because 
of tlie strongly acid reaction of the water in which Sphagnum 
mosses grow, decay processes are retarded. The older portions 
of the plants, as they die, accumulate as partially decomposetl 
vegetable material, which gradually fills the pond or lake. 

At the same time the marginal floating layer of living Sphagnum 

plants gradually extends until the water is 
completely covered. Various species of 
seed plants of similar ecological require¬ 
ments become established and aid materially 
in the change from open water to the float¬ 
ing mat of living plants. Ultimately the 
bog becomes a swamp capable of support¬ 
ing relatively large trees. Such swamps 
may eventually be replaced by forest growth 
typical of the region (Fig. 179). 

The more or less compacted and pre- 
sen'cd remains of Sphagnum mosses, either 
from pre-existing lakes and ponds or from 
tundra vegetation, together with other plant 
remains, is knowm as peat. Extensive peat 
deposits occur in various parts of the world 
and mark the location of lakes and ponds 
which have been filled in by the process 
Fio. z\9.—Sphaa- described. Because of the more or 

"hrKu.nHJphyle hc-ur^ Icss perfect preser\'ation of the plant parts 
ing three sporophytes. found in peat, especially seeds and pollen, 

borings through such deposits have contributed materially to our 
knowledge of past vegetations. Peat is-a valuable fuel in some 
northern countries. 

The mature gametophyte plant of Sphagnum is an erect 
jjcrennial stem bearing leaves and leafy branches (Fig. 319). 
The branches, in clusters of three to eight, arise in connection 
with every fourth leaf of the main axis and, although densely 
clustered at the stem tip, become more or less tvidely separated 
by the elongation of the intemodal regions in the lower parts. 
The majority of branches exhibit limited growth and, of these, 
some extend horizontally and others descend and sheathe the 




THE BRYOP/IYTA 


559 


stem. An occasional horizontal brancli, ho\ve\'er, may assume 
leading gro\\'th, turn upward, and quickly lake on all the char¬ 
acteristics of the main axis. Eventually such a branch becomes 
separated from the parent plant as a result of the progressive 
dying away of the basal portions and thus may act as a ^■egetative 
reproductive structure. 

As in the other mosses growth is determined by a single apical 
cell with three embedded cutting faces and the tlirce-ranked leaf 
arrangement is quickly replaced by a more complex phyllotaxy. 
Each segment of the apical cell undergoes a few di\ iHions and the 
cells thus formed give rise to a leaf, the cortical axis tissue sub¬ 
tending the leaf, and a part of the central tissue of the a.xjs. A 
cross section of the main axis sliows a distinct differentiation into 
cortex and central core. The corte.x is composed of one or more 
layers of large, nonliving cells with porous walls. The central 
core is made up of an outer zone of small, elongate, llea^■y-wallod 
cells and an inner region of parenchyma. Both the pendent 
and spreading branches sliow a similar but somewhat simpler 
structure. 

The leaf at first grows by means of an apical cell with two 
cutting faces which is derived from a segment of the apical cell of 
the stem or branch. By left and right segmentation it forms a 
series of segments which quickly undergo divisions, and coll 
maturation, beginning at the apex, eventually residts in a leaf 
consisting of a single layer of two distinctly different types of 
cells. These are arranged in such a way that a net of small, 
green, living cells is formed, the meshes of which arc occupied 
by large, empty cells knowm as hyaline cells. The latter, in 
most cases, show spiral wall-thickenings and pores which occur 
wth such regularity that they become useful in the identification 
of species. The porous hyaline cells of the leaves together with 
those of the stem and branches explain to a considerable degree 
the remarkable water-absorbing and water-retaining capacity of 
the Sphagnum plant. 

As in the other two orders of the Musci, the leafy gametophyte 
phase is preceded by a juvenile stage derived directly from the 
spore. This protoncma, after the second or third division follow¬ 
ing germination, grows for a limited time by the left and right 
segmentation of the terminal cell, which functions as an apical cell. 
The activity of the apical cell ceases after six or eight divt- 
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sions and the segments, by growth and subsequent divisions, 
fonn an irregularlj’^ lobed plate one cell in thickness. Fila¬ 
mentous rhizoids are usually produced from the older portions 
of the protonema. 

The archegonia, maintained in the terminal position, are 
restricted to special, short branches within the terminal branch 
cluster, which are usually more deeply pigmented than the 
vegetative branches. Although the archegonium differs some¬ 
what in the details of its development, it is essentially like that 
of the mosses. Paraphyses are always lacking. The antheridia 
are no longer terminal but are produced laterally in the axils 
of the leaves of more or less strongly pigmented antheridial 
branches within the terminal branch cluster. Compared with 
that of the mosses the antheridium is globose rather than elongate 
and is borne on a longer and more slender stalk. The anthero- 
zoids are of the same general biyophyte type. 

Sphagnum species arc either hcterothallic or homothallic. 
Although sex organs are usually produced in abundance, sporo- 
phytes arc relatively mre and the species propagate for the most 
part vcgctatively by means of leading branches. 

In its early stages of development the sporophyte of Sphagnum 
is protected by a calyptra. As in the Andreaeales there is no 
development of the seta region and the tip of the gametophyte 
axis becomes a pseudopodium, the elongation of which pushes 
the capsule above the terminal branch cluster. The sporog- 
enous tissue, in the form of a low dome, encloses a central colu¬ 
mella of pith-like cells and is surrounded by several layers of 
compact, green cells limited on the surface by a cutinized epider¬ 
mis. The epidermal layer shows a circular line of cells near 
the top of the capsule for the dehiscence of the operculum and 
numerous, scattered paired cells w’hich have the appearance of 
stomatal guard cells. Functional stomata do not occur in the 
capsule wall of the Sphagnum species. It is significant that the 
sporogenous tissue is nearer the surface than in the Bryales 
and Andreaeales. The change of the sporogenous tissue to a 
more superficial position is regarded as an advance toward the 
condition of higher plants in which sporangia are more generally 
at the surface. With the formation of spore tetrads following 
meiosis, cells of the columella break down and the capsule wall 
dries and shrinks. This shrinkage results in the compression 
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of the air within the capsule and the resulting pressure becomes 
sufficient to dislodge the operculum. The rupturing of the 
capsule is explosive and the operculum and spores are shot 
upward to a distance of several inches. 

Althougli it is now generally agreed that the Musci have 
descended from green aquatic thallophytes, there is ^•ery little 
paleontologic record to support tliis thcoiy. That the group 
is an ancient one seems certain since the few known fos,sil forms 
are strikingly similar to e.vi.sting genera. The similarity of 
characters shared by the three onlers points to a common origin 
but should not be regarded as evidence of direct interrelationship. 
Each of the three orders more probabl 3 '^ represents a separate 
and distinct developmental line and there is little to support a 
theorj' of direct descent of the Sphagnalos from the Brj’ales 
through the apparentlj' intermediate Andreaealcs. 

CLASS HEPATICAE 

The Hcpaticae comprise the brj'ophytes commonly knowm as 
hcpatics or liverworts and includes five orders representing 
distinct and more or less parallel lines of de\elopment, i)re- 
siimably from green algae. Although often included in the 
Hcpaticae, the Anthocerotae arc here treated separately as a 
distinct class. The Calobryales constitute a small group which 
has not attained the evolutionary level of the other hcpatics 
and in which certain primitive characters arc retained. The 
Jungermanniales and Mctzgeriales represent respectively the 
suborders Acrogynae and Anacrogynae of the Jungermanniales 
of earlier students of hepatics. The Jungermanniales have 
terminal archegonia {acrogynous) and a difTcreiitiation of the 
adult gametophyte body into an axial system wdth well-defined 
lateral scales (leaves) while in the Mctzgeriales the archegonia 
are dorsal {ariacTogynous) and the mature gametophyte in most 
cases is thalloid and without difTcrentiation into stem and loaf. 
A number of genera of the Mctzgeriales, how’cver, are leafj" 
and have been thought to indicate direct relationship to the 
Jungermanniales. That such a phylogcmetic connection does 
not exist seems indicated by the significant structural differences 
between the tw'o groups and the elevation to independent and 
coordinate positions is unquestionably to be preferred. The 
Sphaerocarpales appear to stand intermediate between the 
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MetzgerialesandtheMarchantiales. They are highly specialized, 
however, and it seems better to regard them as the remnants of an 
independent reduction series. Finallj', the Marchantiales stand 
perfectly isolated. The complete absence of any radially sym¬ 
metrical forms, the internal complexity of the vegetative thallus, . 
and the morphologically dorsal position of the sex organs suggest 
a somewhat higher evolutionary development than has been 
attained by the other orders of the class. 

Order Calobryales 

The Calobryales contain but a single family and only two 
genera. Calobryum, vith four species, occurs in Java, Sumatra, 


B 


Fio. 320.— Cdobrydle*. Ctdohryum. A, gamotophyto showing the three 
ranks of equal, undivided leaves; B, mature sporophyte showing seta and cap¬ 
sule. (/I after Ooebel; B after Smith.) 

Japan, New Zealand, South America, and the West Indies. 
Haplomitrium is monotypic and known from several localities 
in northern Europe and a single station in the United States. 
The gametophytes of both genera are small and consist of a 
subterranean, infrequently branched rhizome from which arise 
erect, leafy branches. These grow by a triangular apical cell 
and bear three ranks of equal leaves developed in spiral suc¬ 
cession (Fig. 320, A). An occasional leafy branch may change 
from the vertical to an inclined position and show a reduction in 
size of the dorsal rank of leaves. This change in leaf size is an 
expression of the plagiotropic effect and comparable with the 
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dorsiventral configuration found in certain Ij’copods. Since 
the file of reduced leaves occupies the dorsal position there seems 
to be little to support the theory that such leaves are comparable 
to the ventral leaves of the Jungermanniales. 

Both genera ore heterothallic and the antheridia and arche- 
gonia, indistinguishable in their early development, are produced 
in groups at the apex of the branch surrounded by the somewhat 
crowded young leaves. In the male plants the leavers which 
surround the antheridia tend to be somewhat larger than those 
below the inflorescence and such plants bear a close resemblance 
to the fertile stems and branches of the male plants of certain 
mosses. Calobryum is acrog 3 Tious and the last-formed arche- 
gonium of the group arises from the apical cell. IJapJoinitrixtm, 
on the other hand, is anacrogj'iious and all archcgonia originate 
from young segments of thoapical cell. At maturitj'thcanthcrid- 
ium is subglobose with a single laj’er of jacket cells and is borne 
on a slender stalk. The archegonium is slender with a long, 
twisted neck surrounding sixteen to twenty canal cells. The 
venter is only slightly broader than the neck and consists of 
two layers of jacket cells. Although rhizoids are absent in the 
adult plant they have been demonstrated in the sporeling. 
Aside from a massive calyptra there is no other protective struc¬ 
ture around the developing sporophyte. Early segmentation 
of the fertilized egg is somewhat irregular. The lower cell 
following the initial horizontal division develops into an haus- 
torium. The upper cell gives rise to foot, seta, and capsule. 
Except for the apical region, the wall of the slender spore case or 
capsule is composed of a single layer each cell of which shows a 
complete median longitudinal ring of thickening, perpendicular 
to the surface of the capsule. Prior to the formation of spore 
mother cells a considerable number of the potentially sporog- 
enous cells become converted into elongate cells wth spirally 
thickened walls knoNvn as elalers. At maturity these arc non¬ 
living and hygroscopic and, after dehiscence of the capsule wall, 
aid in breaking up the spore mass. Aside from the elaters the 
entire content of the capsule matures into spore mother cells. 
Following the rupturing of the cal 3 rptra, brought about by the 
elongation of the seta, the capsule splits hy longitudinal lines of 
dehiscence into four valves which may remain more or less 
united. 
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The Calobryales represent an ancient group as indicated by the 
widely separated geographical distribution of the existing relict 
forms. That it has had an independent development and is not 
directly related to the other hepatics seems obvious. In spite 
of its antitpiity the group has retained an erect, radially sym¬ 
metrical, leafy gametophyte. It has failed to develop the 
structures in connection with the female inflorescence for the 
protectit)n of the sporophyte so characteristic of the other liver- 
wt)rts. 'I'he sex organs, moreover, are strikingly primitive in 
that male ami female show no differences in their early ontogeny. 
In contrast to the.se primitive features, however, the group does 
show advance in the differentiation of the adult gametophyte 
body int o rhizomes and leafy axes and an occasional approach to a 
doi'sivent ral contigurat ion. 

OUDKU .lUNGliUM.VNNl.VLES 

Although the majority of the Jungermanniales or acrogynous 
liverworts aie dorsiventral, the group includes a few genera 
such us Ilcrbcria whicli have retained an erect axis with three 
ranks of essenl inlly similar and radially arranged leaves. Accept¬ 
ing the theory of origin of the various groups of bryophytes 
from green aquatic thallophytcs with radially symmetrical 
growth habit, forms of this type can be regarded as illustrating 
the primitive acrog^moiis liverwort. The change to a dorsi- 
vontral configuration, associated with a prostrate habit, came 
about comparatively early in the evolution of the leafy hepatics 
and the radially symmetrical habit of the ancestral types is 
presened in relatively few genera. The ascending gemraae- 
bearing branches of certain species of Odontoschisma, Calypogeia, 
Cepholozin, and Sphenolobus lose almost completely the dorsi¬ 
ventral configuration of structure characteristic of the prostrate 
portions of these plants. This localized change to a radial sym¬ 
metry, however, is secondary and not related to the primitive 
condition preserx'ed in Herberta (Fig. 321, A). There is also 
evidence to support the view that the thalloid anacrogynous 
liverworts (Metzgeriales) likewise have descended in a similar 
manner from some green algal stock through leafy forms. It 
seems pi’obable, however, that these leafy ancestors of the 
Metzgeriales are not directly related to the Jungermanniales. 

The Jungermanniales consist of about 125 genera \vith approxi- 
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Fjo* 321.—Jungormanmales. Jlerbertq^ allowing three rankK of oquiil 

bifid leaves; B, Lepidozxa^ ventral aspect showing reduced ventral leaves and 
femolo inflorOHccnco with i>crianth; C, Ltueolejcunca^ ventral aspect* shomng 
reduced ventral leaves* complicate dorsal loaves* female inflorescence yyiih 
porionth, and lateral male inflorescence; D, Radula, ventral ospect* showing 
absence of ventral leaves* coniplicate dorsal leaves* female inflorescence with 
perianth* and iotercolxu’y mole inflorescence. {A after MUlUr; C* and D after 
A, Larene») 

mately 7250 species. They are widely distributed from the 
tropics north and south to polar regions. All arc mesophytes 
requiring partial shade and abundant moisture for successful 
growth, although very few are aquatic in habit. The majority 
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are to be found on earth, rocks, bark of trees, and logs. In the 
tropics numerous species grow on living leaves. Leafy liverworts 
are relatively small plants and seldom form any conspicuous 
part of the vegetation of a region. They range in size from a 
few millimeters to many centimeters, the longest species occurring 
in tropical forests hanging in festoons from the branches of 
trees. 

The adult gametophyte plant of the Jungermanniales consists 
of a central axis, usually more or less branched, bearing three 
raT)ks of leaves. Except for the few genera vnth erect stems and 
radially disposed leaves, the plants are prostrate and dorsiventral, 
showing a differentiation into two ranks of lateral leaves on the 
upper surface of the axis and a single rank of more or less reduced 
underlcaves (amphi^astria) on the under surface (Fig. 321, B 
and C). In a number of genera the ventral leaves are evanescent 
or lacking altogether (Fig. 321, D). 

Except for the genus Pleurozia, in which the apical cell has two 
cutting faces, all acrogynous liverworts grow by a pyramidal 
apical cell with three cutting faces. In the dorsiventral forms 
one is ventral and the other two are lateral and dorsal. In 
most cases, the segments are cut off in clockwise or counter¬ 
clockwise spiral succession. There are, however, a few genera 
in which the segments are formed in a pendular sequence which 
results in the production of a ventral leaf in connection with 
each lateral leaf. Divisions within a lateral segment, which take 
place very quickly, give rise to two upper and outer primordial 
leaf cells and three inner axial cells. The leaf, in the primitive 
and least modified condition, is typically bilobed. The ventral 
segments of the apical cell like%vise give rise to stem tissue and 
underleaves except in cases where the latter are absent. The 
primitive flat, bilobed or two-toothed leaf wth horizontal inser¬ 
tion on the axis undergoes considerable modification within the 
group. There are cases in which the lobes do not separate, 
giving rise to undivided leaves, and cases in which more than two 
lobes are formed. In certain genera the margins of the leaves 
are variously toothed. With the advance to the dorsiventral 
configuration the lines of leaf insertion on the axis become 
oblique, either tipping forward from dorsal to ventral {sticcubous 
leaves) or from ventral to dorsal surface (incuhims leaves). These 
changes are dependent on differences in growth of the axial 
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tissue uath reference to the leaf primordia and determine the 
manner in wliich the leaves overlap wlien mature growth is 
attained. In manj' genera the line of leaf insertion is angletl 
and the two primordial leaf cells give rise to a folded leaf that 
clasps the axis (Fig. 321, C and D). Such complicate leaves 
usually show distinct keels and the lobes may be equal in size a.s 
in Sphenolohus or unetjual. In the latter case the dorsjil lobe 
may be larger as in Hadula or the ventral lobe may be the larger 
as in Scapania. In a number of genera with complicate leaves the 
lobule or ventral lobe may give rise to an inflated water sac as 
in FruUania. Ventral leaves alwaj'S arc transversely inserted 
and are t 3 'pically bilobcd. There are cases, however, in which 
more than two lobes arc present or in which the underleaves are 
undivided. 

All species of the Jungermanniales produce rhizoids and these 
with few exceptions are unicellular. As in the mosses the^' are 
primarily organs of attachment and play little if any part in the 
absorption of water and mineral salts. In most species they 
arise from the ventral surface of the stem or from the basal 
portions of the underleaves. 

The adult gametophyte plant of the leafy hepatics is prece<ied 
by a simpler type of plant body that arises directlj” from the 
spore. Soon after shedding from the capsule the spore ger¬ 
minates to form a filamentous protoncma. This stage in some 
genera may be represented by a few cells, while in otliers it maj' 
persist and become extensive and branched or assume a thalloid 
form. In many cases the terminal cells of the branches j>f the 
filamentous body, by a more or less irregular segmentation, 
produce small cell masses in which apical ceils with three cutting 
faces become differentiated. These give rise to the leafy axis 
of the adult plant. 

In the more reduced types of leafy livenvorts the axis shows 
a more or less dearly defined cortical layer of green cells enclosing 
a central core of parenchyma. In certain more robust tj'pes, on 
the other hand, the cortex may surround a zone of elongate cells 
\>ith heavy secondary walls in which occur gaps or simple pits, 
and a central region of thin-wallcd pith-like cells. In the more 
vigorous branches of such forms the structure may be essentially 
like that of the stem. 

The anthcridia are lateral and develop singly or in groups in 
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the axils of somewhat modified leaves known as male bracts. 
In homothallic species the male inflorescence, consisting of 
one or more bracts with antheridia, may be located below the 
female inflorescence (Fig. 321, D) or separated from it on other 
branches (Fig. 321, C). The mature antheridium is globose 
and long-stalked and resembles tliat of Sphagnum, 

The archegonia, terminal on the stem or on a branch, may 
develop singly from the apical cell or in a group. In the latter 
case the first in order of appearance arises from the apical cell 
itself and the others from young segments. The archegonium 
is essentially like that of the earlier groups, but features peculiar 
to the Jungermanniales arise in connection with structures 
accessory to the archegonium or archegonial group. The last 
leaf series develops as a zone forming a tubular structure kno^vn 
as the perianih (Fig. 321, B, C, and D). This acts as a protective 
covering around the archegonia and later the developing sporo- 
phyte. The form of the perianth depends upon the character 
of the leaf elements which enter into its structure. The leaves 
forming one or more cycles immediately below the perianth are 
known as bracts and are regarded as a part of the female inflores¬ 
cence. They differ more or less markedly from the vegetative 
leaves. The ventral bracts increase markedly in size and the 
female branch approaches the pnmitive radial type. In many 
species the female inflorescence is pushed into an apparently 
lateral position by the vigorous growdh of a branch developed 
immediately below the bracts (Fig. 321, C). Where two of these 
occur and assume leading growth the inflorescence appears to 
be located in the angle of a fork or dichotomy (Fig. 321, D). 

In the majority of the Jungermanniales the sporophyte 
develops to maturity wdthin a calyptra derived from the venter 
of the fertilized archegonium. In a number of genera, how’ever, 
following fertilization the tissue underlying the venter grows 
upward around the fertilized archegonium into a tubular struc¬ 
ture knowm as a perigynium. In some cases the calyptra is 
well developed and lies betw’een the sporophyte and the peri¬ 
gynium, which bears at its mouth a distinct perianth as in 
Marsupella and Plectocolea. In other cases, however, the calyptra 
is reduced to a cap-like structure at the mouth of the perigynium 
and the perigjTiium is in direct contact wdth the sporophyte as 
in the tropical genus Isotachis. Under such circumstances the 
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perianth is greatly roduce<l or absent altogether. In certain 
genera, as for example Geocalyx and Calypogcia, unequal growth 
of the tissue below the fertilized archegonium results in a pendent 
perig>mium known as a marsupiuni. 

The development of the sporophyte begins immediatolj’ after 
fertilization. As it approaches maturity, still encaso<l within 
the calyptra and covered by the perianth, it show.s distinct 
differentiation into foot, seta, and cap.sule. The cap.svilc or 
spore case consists of a central mass of sporogonous cells sur¬ 
rounded by a sterile wall two to seven layers of cells in thickness. 
Prior to the formation of spore mother cells a considerabh* 
number of the potentially sporogenous cells become converted 
into claters. The wall layci*s of the capsule at maturity con¬ 
sist of cells with more or less pigmented walls variously thickened 
by deposits of additional wall material, usually in the form of 
bands. Soon after tetrad formation (ineiosis) the cells of the 
seta, by rapid intake of water, elongate many times their original 
length, pushing the capsule through the calyptra and usually 
beyond the mouth of the perianth. The capsule wall then splits 
longitudinally into four equal valves which turn back and expose 
the spore mass. , 

As in the mosses many of the Jungermanniales produce gemmae 
and specialized leaves and branches which become detached and 
act as vegetative reproductive structure.s. This is true not 
only of the heterothallic forms in which fertilization may bo 
rendered impossible by the wide separation of the two sexes, 
but also in the homothallic species. 

OR.DF:n Metzoeriales 

About 21 genera containing approximately 550 species are 
referred to the Aletzgeriales. Geographically the' group is as 
widely distributed as the Jungermanniales and shows habitat 
preferences similar to those of the leafy hcpatics. 

The gametopliytes of the Metzgeriales are diversified and lack 
the uniformity of fundamental structure characteristic of the 
Jungermanniales. All, however, are doi-siventral and prostrate, 
at least in certain stages of development. The monotypic 
llymenophylon and certain species of Riccardui, PaUavicinia, and 
Symphyogyna produce erect branches from a prostrate main 
axis or rhizome. Such branches, however, show a restriction 
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of sexual structures to the dorsal surface and to this extent 
may be said to have retained the dorsiventral configuration. 
Within the genus Melzgeria specialized ascending gemmae- 
bcaring branches may be formed which approximate a condition 
of radial symmetry’. This erect habit and change to radial 



Fio. 322.—Metzgcrialcs. Fosaomhronia showing difTorootiation into aids 

imd IcaMiko lateral appendages; B, Pellia. dorsal aspect^ showing antheridial 
cavities* involuore, calyptra, and sporophyto; C» Melzoeriat ventral aspect* with 
reduced female branches three of which bear sporophytos; !>• PaUavicinui, female 
plant* dorsal aspect, showing involucre and perianth. (A, C, and D after A. 
Lorenz; B after MacVxcar.) 

symmetry, however, may be of secondary acquisition and not 
in any way related to the primitive condition. 

That the members of this group have developed from green 
thallophytes through primitive leafy forms in much the same 
manner as the Jungermanniales seems highly, probable. The 
leafy condition has been retained in Androcryphiai Treubia, 
Blasia, and Foasombronia (Fig. 322, A). The remaining genera 
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are thalloid and possess a branched axial system more or 

less extensive development into lateral wings (Fig. 322, B, C. 
and D). The genus Pctalophylluju, however, is intermediate 
in that the broadly thalloid gametophyte composed of axis and 
wings bears on each side of the midrib on the upper surface a 
rank of somewhat ol>liqucly inserted upriglit plates or leaves. 
In the remaining thalloid forms the differentiation into entire 
or lobed wings and median axial portion with conspicuous midrib 
of differentiated cells maj' be marked, as in MeUgeria, Palla- 
vicinia, and Symphyogyna. In Mocrckia and Pellui, however, 
the thallus has become a parenchymatous structure with little 
or no histological distinction between the thickened median 
portion and the wings. In certain species of Riccardia, fuiall}’, 
the thallus shows no distinction between a thickened axial portion 
and \\ings and probably represents the flattened axiid portion 
from which the lateral wings liave been lost. A central strand 
of elongate, pitted cells embedded in the parenchymatoijs tissue 
of the axis is found in certain genera of the Metzgeriales but is 
wanting in others. 

As in the preceding groups of the bryophj'tcs the mature phase 
of the gametophyte generation of the anacrogj’nous liverwort 
grows by the activity of a single apical cell. In general this cell 
is wedgC'Shapcd and has two cutting faces but apical cells of one, 
three, or four cutting faces occur as well. Many species exhibit 
what appears to be a dichotomous branching habit. True 
dichotomy, however, which involves an equal cleavage of the 
apical cell, does not occur. Branches arise from young segments 
of the apical cell or adventitiously in older portions of the plant 
body. They may bo of unlimited (stem-like) or of limited 
growth. In the latter case, the apical cell of a branch, after a 
period of activity, loses its generative character and becomes a 
parenchymatous cell. In the leafy forms the leaves arise from 
young segments of the apical cell but not in the same manner 
as in the acrogynous liverworts. In the thalloid forms slime 
papillae, which in some cases may represent vestigial leaves, 
are produced in the vicinity of the growing point. Such papillae 
bathe the apical region with a protective covering of slime. 
Single-celled rhizoids occur abundantly in all species, arising 
from all surfaces of the rhizomes or from the median ventral 
surface of the thalloid forms. 

9 
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The adult gamctophytc phase is preceded by a simpler type of 
thallus which is derived directly from the spore. This pro¬ 
tonerval phase may be represented by a single cell as in Fossom- 
bronia or by a more extensive filamentous growth in the other 
genera. Germination of the spores usually occurs after the 
spores arc shetl and after they are in contact with the substratum 
on which the species normally grows. In Pelliay however, 
several divisions occur within the spores before the opening of 
the capsule. 

The Metzgeriales include both hetcrothallic and homothallic 
species. The sex organs are derived from young segments of the 
apical cell and at maturity always occupy a dorsal position. 
This cliange of the archegonium from an apical to a dorsal 
position is another significant step away from the primitive 
bryophyte type. In the homothallic species the archegonia and 
antheridia, although in some cases closely associated, never 
occur in mixed groups. In general the antheridia reach maturity 
wliile the archegonia near the growing apical region are still in a 
rudimentary condition. The antheridia arc globose, short- 
stalked, and similar to those of the Jungermanniales. In the 
leafy genera they arise superficial!}' from the dorsal-lateral 
surface of the axis more or less covered by the leaves as in Treubia 
and Fossombronia, or they arc produced within small cavities 
located on the dorsal surface of the axis as in Androcryphia and 
Blasia. In the thalloid Metzgeria and Riccardia they are 
restricted to short, specialized branches. In the former genus 
the antheridial branch is nearly globose and the antheridia arise 
in a single row on each side of the midrib covered by the inrolled 
and inflated wings. In the latter genus they occur in two rows 
in shallow depressions. In the thalloid Pellia they develop in 
small, slightly elevated cavities as in Blasia. In the other thal¬ 
loid genera they are found in groups more or less covered by 
separate or coalcscent scales with ciliate or fringed margins. 
The scales arise behind the antheridial groups in Petalophijllum, 
Symphyogyna, and Moerckia, but in Pallavicinia they are in the 
form of lamellae with fringed margins which grow out laterally 
from the midrib, covering a longitudinal group of antheridia 
on each side. 

The structures associated with the archegonia exhibit con¬ 
siderable diversity. In some of the leafy genera, such as Treubia, 
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Fossomhronia^ and Androcryphia, the leaves themselves wth or 
without modification may atTord a certain jimount of protection, 
but in Blasia the archegonial group develops within a deep 
pocket open toward the anterior. In the thallose genera Mclz- 
geria and Riccardia the archegonia are rest ricted to short branches 
with limited growth. In Melzgrria thc.se branches arc ventral 
and the inrolled wings cover the archegonia; in Riccardia the 
brandies are lateral and the archegonia are practically covered 
by marginal cilia, teeth, or lamellae. In the genera Pallavicinia 
and Moerckia, the group.s of archegonia are surrounded by more 
or less coalescent scales with toothed margins, and in the allied 
genus Symphyogyna each group is subteinled by a single tnnged 
scale. In the genus FeUi<i, finallj', the groups of archegonia are 
more or less enclosed by an involucre representing an outgrowth 
of the thallus. 

Following fertilization structures associated with tlie develop¬ 
ing sporopliyte make their appearance. In some cases, as in 
Metzgeria, Pallavicinia, and Fossombronia, these structures are 
developed largely or entirely from the venters of the fertilized 
archegonia and represent true calyptras. In many cases, 
however, the tissues underlj'ing the fertilized archegonia resume 
active growth and take part in the formation of a massive erect 
perigynium often showing a roughened or papillate surface. 
Riccardia, Symphyogyna, and Treubia are among the genera 
cxliibiting this type of pcrigjmium. In a few genera, such as 
P.allavicinia, Moerckia, Fossombronia, and Pclalophyllum, a 
tubular perianth, similar to those found in the Jungermanniales, 
develops around the young sporophyte. 

The development of the fertilized egg proceeds in much the 
same manner with early differentiation into foot, seta, and 
capsule as in the acrogjmous forms. The diploid ])lant, largely 
dependent upon the gametophyte for water, mineral nutrients, 
and organic foods, develops to maturity within the calyptra 
or perigynium. A number of potentially sporogeuous cells 
of the capsule, several generations prior to the spore mother-cell 
stage, directly or subsequent to one or more divisions, arc con¬ 
verted into elaters. These may be free or attached to sterile 
tissue either at the apical end of the spore case, as in Riccardia, or 
at the basal end, as in Pellia. The capsule wall varies within the 
group from one to five layers of cells. The wall cells at maturity 
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show in one or more layers deposits of additional wall material 
usually in the form of distinct bands. In the majority of forms 
the dehiscence takes place along four equally spaced longitudinal 
lines and the wall splits from apex to base into four valves. 

Although vegetative reproductive bodies occur in the Metz- 
gerialcs they are found in only a few genera and are less diverse 
than in the leafy hepatics. Gemmae consisting of three to four 
cells are produced in the axils of the leaves of Treubia, and some¬ 
what larger gemmae of the discoidal type occur in a marginal 
or dorsal position in j\Ietzgcria. In Blasia small massive gemmae 
are produced in abundance ^\^thin flask-shaped cavities borne 
on the apical dorsal surface of the vegetative thallus. Most 
remarkable arc the two-celled bodies formed Avithin almost any 
extcmal cell of the thallus of Riccardia. These endogenous 
gemmae, in their mode of origin, bear a somewhat closer resem¬ 
blance to certain nonmotile spores of the green algae than to the 
gemmae of the Bryophyta in general. 

Ordeu Spiiaerocarpales 

The Sphaerocarpalcs include three genera: Sphaerocarpos with 
seven species, Riella with eleven species, and the monotypic 
Geothallus. Sphaerocarpos is heterothallic and exhibits a marked 
size difference in the male and female gametophytes (Fig. 323, 
D and E). The female thalli vary from 2 to 12 mm. in the 
greatest diameter while the male thalli are 1 mm. or less. In 
spite of their small size the female plants are often conspicuous 
because they occur in groups and are usually bright green in 
color. The male plants, on the other hand, tend to be tinged 
with purple and are less conspicuous. The thallus in each case 
is broad in relation to its length, shows but little cell differentia¬ 
tion and changes rather gradually from a wide, thickened 
median region to entire or lobate lateral ^vings one cell in thick¬ 
ness. The anterior margin is occupied by a number of grooving 
points resulting from the repeated dichotomy of the original 
apical cell which is cuneate with four cutting faces as in the 
Marchantiales. Geothallus, somewhat larger than the closely 
allied iSp^acrocarpos, is also heterothallic but does not show the 
same marked size difference between the female and the male 
plants. The thallus consists of a fleshy axis from which arise 
leaf organs much like those of Pelalophyllum and probably com- 
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parable to the lobate wings of Sphacrocarpos. Riella is always 
aquatic and completely submerged. The erect thalJus consists 
of a cylindrical axis bearing on one side a broad undulating wing 
(Fig. 323, A and B). One species bears two lateral wings. The 



Ffo. 323.—Sphaorocarptilcfl- A, RUUa^ molo plant showing marginal anther^* 
idla; B, fomalo plant of the same showing iho aaial involucres each containing o 
single archogonium; C» enlarged vertical section of an involucre with sporopbyte; 
D, Sph^oearpQB, male plant showing the anthoridia-containing involucres on 
the dorsal surface; female plant showing on the dorsal surface the largo arche* 
gonia^coDCoining involucres* D, orut C <xjt€r Siudfuditri D ond E njitr AUen*') 

genus contains both homothallic and heterothallio species. In 
the latter, however, there is apparently no appreciable diUcrcnce 
in size between the thalli of different sexes. Simple, plain- 
walled rhizoidfi are produced from the median ventral surface of 
SphaerocaTpos and from the axial portion of Geolhallua and 
Riella. 
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The sex organs of the Sphaerocarpales are like those of the 
otlier Bryophyla in general features but more closely lesemble 
those of the Marchantiales in the details of their early ontogeny. 
They arise from segments of the apical cell and are dorsal in 
Bpfiftcrocarpos and GcoOidllus. In Itiella the aichegonium is 
bonic laterally on the axial portion of the thallus while the an- 
theridia are marginal on the wing. In all three genera each 
archegoniuni is surrounded bj' a more or less inflated involucre, 
which at lirst does not cover the neck of the archegonium but 
which, subsequent to fertilization, continues to grow and greatly 
exceeds the sporophyte at maturity. In Sphaerocarpos and 
Geolhallus each antheridium is borne within a similar involucral 
structure, while in liidla the antheridia occur in shallow depres¬ 
sions singly or in small groups. 

The sporophytes of the Sphaerocarpales show a differentiation 
into capsule and foot separated by a reduced seta region. The 
capsule wall consists of a single layer of cells without local 
thickenings and without specialization for dehiscence. The 
potontiallj' sporogenous cells within the capsule mature into 
spore mother cells and large sterile starch-containing cells 
comparable to the sterile elaters of the Calobryales, Junger- 
mannialcs, and Metzgeriales. 

The Sphaerocarpales resemble the Metzgeriales in the vegeta¬ 
tive features of the thallus. In the development of the sex 
organs, structure of the sporophyte, and type of apical cell 
they have more in common with the Marchantiales. The 
scattered geographical distribution of the genera suggests that 
the group has had an extended geological history and that the 
highly specialized modem representatives arc relicts of a much 
larger group that evolved early from green aquatic ancestors. 

Ordeh Marchantiales 

The Marchantiales include prostrate, nonleafy liverworts in 
which the thallus shows differentiation into several morphologi¬ 
cally and physiologically distinct tissues. Although the sex 
organs and the sporophytes resemble those of the Sphaerocarpales, 
the order represents an independent line of development in which 
no definite evidence of the primitive leafy condition remains. 
According to the forms already investigated growth is accom¬ 
plished by the activity of a wedge-shaped apical cell with foul 
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cutting faces. The adult phase of the gametophyte, however, 
is preceded by a juvenile phase of limited duration and simpler 
structure during which the sporcliug may grow hy an apical 
cell of two cutting faces. Brancliing usually results fiom the 
equational division of the cuneate cell into tu'o dangliter cells 
and, in such casc.s, is dichotomous. In certain speci<*s, however, 
iu addition to the dicliotomies of the main thalhis, branches 
may arise adventitiously from the ventral tissues. Except for 
certain atjuatic- forms, all species protlucc ventral scales and 
both smooth-walled and tuberculate rhizoids. Most members 
of the grouj) reproduce vegetatively by tlu* separation of tlu^ 
younger dichotomies or ativentitious branches through the pro¬ 
gressive dying away of tlie older connecting portions of tin* 
thalliis. In two genera, Marcharilia and Lunularia, multi¬ 
cellular gemmae are produced on the doi’sal surface of the thallus. 
These are disk-shaped, several cells in thickness in the median 
portion, and possess two growing points, one on c*a<’h si<le. The 
two broad surfaces of the gemma are alike and <lorsiventrality 
is not established until after germination. Through the activity 
of the two lateral apical cells, which grow in opposite directions, 
each gemma develops into an elongate thallus. Eventually 
the death of the median region of the thallus results in two 
separate plants. 

The group appears to be a natural one within which a number 
of well-marked evolutionary tendencies may be distinguished. 
Between the primitive and advanced types there is an almost 
complete series of intergrading forms and those selected for 
consideration illustrate in a general way i)rimitive, intermediate, 
and reduced conditions. According to the modem classification 
the primitive Marchantia-like liverwort is well represented by 
Marchanlia (Fig. 324, A and B). In this genus the thallus 
shows the greatest differentiation, the sex organs are borne on 
definite, stalked receptacles and the sporophyte exhibits a rela¬ 
tively higli degree of complexity. The genus liiccia, at the other 
extreme of the scries, possesses a relatively simple thallus, the 
sex organs are scattered and not grouped on receptacles, and the 
sporophyte is reduced to a simple spore cose. The genus 
Reboulia, in respect to certain morphological charactere, occupies 
a position intermediate between these two extremes. 

The adult gametophytes of the Marchantialcs range in length 
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from 15 cm. in Marclianlia to 5 mm. or less in some species of 
Riccia (Fig. 325, A). Unlike the thalloid Metzgeriales the 
species show a marked differentiation into three regions: a 
colorless, compact ventral tissue; a chlorophyll-bearing tissue 
with air chambers; and in most cases a well-defined epidermis 
with pores. The ventral region, which is primarily a storage 
tissue, consists of parenchyma cells somewhat elongated in the 
longitudinal axis. Above this tissue in the MaTchantia thallus 



Fio. 324.—Marchantiales* MarchaiUia pclyTnorpha. A» female plant bearing 
sexual branches terminated by archegonial receptacles; male plant bearing 
gemmae cups and sexual branches terminated by male rocoptacles; yorUcal 
section of upper region of the vegetativo thallus showing air chamber, asaimilat* 
ing niamentSi and chimney pore; D, vertical section of immature sporopbyte 
covered by colyptra and pseudo perianth. (After iCny.) 

(Fig. 324, C) there is a single layer of air chambers covered by 
the epidermis. Each chamber is limited by partitions of green 
cells and communicates wth the outside by a centrally-placed, 
epidermal pore of the chimney type, composed of four tiers of 
four cells each. Short branched filaments of green assimilating 
cells arise from the floor of each chamber. These air chambers, 
moreover, correspond exactly with the polygonal areas that 
make up the conspicuous surface pattern of the thallus. In 
Reboulia the thallus shows reduction since the air chambers 
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lack assimilating filaments and the chimney pores of the more 
primitive Marchantia. The photosjmthetic region consists of a 
loose tissue of green cells with large irregular cavities. Com¬ 
munication with the outside is established by numerous .simple 
pores surrounded by a single layer of cells, concentrically arranged, 
which become progressively thinner toward the openings. The 
thallus of Riccm shows the e.xtrcme reduction in the Mar- 
chantiales series. The terrestrial forms of the genus are usually 
rosettes due to the frc(piency of the formation of the dicliotomies. 
In most species the photosjmthetic tissue consists of a single 
layer of air chambers in the form of vertical canals each bounded 
by four rows of green cells. Tlic terminal cells of these rows 



Fto. 326.^Marchantia]es. RieciocarpxiS ruxtans, a common floating liverwort 
cloeoly related to Riccia. At Ringlc plant Blinking sporophyton iii tho median 
dorsal grooves ond slender ventral scales; B, vertical section of a single sporophyto 
efnl>cdded in thcillus tissue, enclosed within cxdyptra and coutaining tetrads of 


spores. 


form collectively a somewhat loose epidermal layer through 
which the canals communicate ^\’ith the outside atmosphere. 

In Marchantia the anthcridia and archegonia arc borne on 
distinct receptacles which terminate special erect branches. 
The branch and receptacle represent growth following three 
successive dichotomies of the original branch initial. The 
antheridial receptacle is a flat structure with eiglit rounded lobes. 
The apical cells arc at the tips of the lobes and give rise to anther- 
idia in centripetal succession, which at maturity are located in 
flask-shaped cavities. The tissue surrounding these cavities 
shows a single layer of air chambers with assimilating filaments 
and chimney pores similar to those of the vegetative thallus. 
In Reboulia the male receptacle is sessile or nearly so and is 
separated from the surrounding tissue by a deep groove. The 
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antlieridia are developed singly in deep cavities, and the sur- 
icmnding tissue is differentiated into irregular air chambers 
and an epitlcrmis with simple pores. In Riccia the male recef)- 
tacle is wanting and the scattered antheridia arise in shallow 
cavities in the median portion of the thallus, more or less covered 
by the surrounding tissue. 

The archcgoiiial receptacle of Alarchontid in its present 
restricted sense consists typically of eight apical regions separated 
l)y nine pendent rays. As a result of irregularities of growth 
tlie apical colls arc pushed into a ventral position against the 
stalk of the receptacle and the archegonia thus appear to arise 
in a centrifugal succession. Each archegonial series is protected 
l)y u pair of scales and each archegonium is enclosed in a tubular 
pseudoperianth. The dorsal region of the receptacle as well 
as the outer portion of the rays shows the differentiation into 
air chambers with assimilating filaments and epidermis with 
chimney pores characteristic of the vegetative thallus. In 
Rrboulia the stalked receptacle is conical with four to seven thick 
lobes. The archegonia, borne singly or rarely in pairs, are 
ventral in position and protected by the margins of the lobes. 
The doi-sal tissue is chlorophyll-bearing with several layers of air 
chambers and the epidermis contains pores of the chimney type 
reminiscent of the more primitive Marchaniia-\ik.e forms. In 
Riccia the archegonial receptacle has disappeared and the 
archegonia are formed in acropetal succession in the median 
portion of the thallus partially embedded in the vegetative 
tissue. 

The sporophytes of the Marchantiales exhibit a progressive 
reduction in complexity of structure which is comparable with 
that of the gametophytes. The capsule wall is invariably a 
single layer of sterile cells and, in this respect, differs from,other 
Bryophyta with the exception of the Calobryales and Sphaerocar- 
pales. In the genus Marchaniia the sporophyte is differentiated 
into foot, seta, and capsule (Fig. 324, i>). In the develop¬ 
ment of the latter, maturation of the jacket cells (amphithecium) 
is marked by the deposition of ring-Uke thickenings in their 
walls, and the inner archesporial tissue (endothecium) at the 
approach of maturity is differentiated, into elongate, bispiral 
elaters and spore mother cells. Following the formation of spore 
tetrads, elongation of the seta ruptures the calyptra and pushes 
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the capsule beyond the pseudopcrianth and iu^'olucrc. Soon 
after exposure to the outside atmosphere tlie jacket layer rup¬ 
tures from apex to median portion by irregular lines of dehiscence 
and the spores are liberated. The sporophyte of licboulia is 
essentially like tliat of Mardiantia and shows the same division 
into foot, seta, and capsule. The aichesporial tissue within 
the capsule mature.s into bispiral elaters and spoie mother cells, 
but the jacket cells lack the annular thickenings characteristic 
of the more primitive members of the scries. The capsule wall 
shows an indistinct operculum which breaks away irregularly 
at dehiscence. In Riccia there is no development of foot and 
seta, and the sporophyte is rcduce<i to a simple .'^pore case sur- 
roundetl by the single la 3 'er of uniformly thin-walled jacket 
cells (Fig. 325, B). Elatei*s and nutritive cells are lacking and 
all the potentially sporogenous cells become spore mother cells. 
The nutritive material, which in more primitive forms is derive<l 
from the gametophyte tissue through the absorbing foot, is 
supplied by the disintegration of the cells of the jacket and inner 
layers of the venter of the archegonium, with the result that tlui 
tetrads of spores are covere<l only by the outer layer of the venter. 
The spores are subsequently liberated by the death and decay 
of the thallus. 


CLASS ANTHOCEROTAE 
Okdeh Anthoceuotales 

The Anthocerotalcs or homworts, frequently included in the 
Hepaticae, constitute a natural series that shows a general 
relationship to otlier Bryophj'ta but no close alliance with anj" 
one group. In fact, the anthocerotes are so distinctlj' different 
with respect to the sporophyte that the modem biyologist 
prefers to assign to them a position in the classification coordinate 
with the Musci and the Hepaticae. There are 5 genera and 
approximately 320 species. Anlhoceroa (Fig. 326), Notolhylas, 
and Aspiromilus, a questionable segregate from Anlhoceros, are 
cosmopolitan; Dendroceros and Megaceros are largely tropical. 

Except for Dendroceros, in which there is a sharp distinction 
into midrib and unistratosc lateral wings, the gametophytes are 
somewhat fleshy, dorsiventral thalli thickened along the metlian 
longitudinal region and composed of unspccializcd cells, each 
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with one or (in Megaceros) several large chloroplasts. Numerous 
smooth-walled rhizoids are borne along the median ventral 
surface. The lateral margins may be entire or lobate and folded. 
In certain species of Anthoceros the margins become fringed and 
the dorsal surface bears lamellae also with fringed margins. 


This condition has a physiological rather than a phylogenetic 
significance and should not be interpreted as reminiscent of the 
primitive leafy phase through which the anthocerotes undoubt¬ 
edly have passed in their evolutionary 
progress. Growth is terminal by a 
single apical cell with four cutting 
faces similar to that found in the 
Marchantiales. Branching is dichot¬ 
omous by the equational division of 
the single apical cell. Inequalities in 
the growth of the two parts of a di¬ 
chotomy, however, may result in 
marked irregularities of the thallus or 
even produce an apparently pinnately- 
branched body. Many members of 
the group possess stoma-like clefts in 
the lower surface of the thallus leading 
into mucilagc-filled cavities some of 
which become invaded by colonies of 
the blue-green alga Nosloc. Aside 
from tuber-like bodies produced by 
certain species of Anlhoceros definite 
structures for vegetative propagation 
are not produced. The group as a 
whole, however, shows a marked tend¬ 
ency to produce proliferous regenerative outgrowths in which 
apical cells are quickly established. 

The anthocerotes are probably all homothallic. The antheri- 
dia develop singly or in groups within closed cavities which are 
more or less scattered over the dorsal surface of the thallus. 
They arise from the inner segment of a superficial cell following 
a periclinal division and thus are endogenous rather than super¬ 
ficial as in the other Bryophyta. The archegonia which follow 
the antheridia in their development are embedded in the tissue 
of the gametophyte. Aside from the uppermost tier of neck cells 



Flo, 326.—Gamotophyto of 
Anthoceros bearing spore- 
phyt^. {After O. M. Smith.) 
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in height and consist of an embedded, somewhat expanded foot 
often with rhizoid-like growths and a slender, erect cylindrical 
capsule separated by a region of meristematic cells. The 
mcristein, ensheathed and protected by a collar derived from the 
adjacent gametophyte tissue, continuously gives rise to cells 
which become progressively differentiated into the various 
tissues of the mature capsule. The generative region remains 
active during the life of the gametophyte depending upon it for 
water and mineral nutrients. A cross section of the capsule 
in the upper region shows a central strand of nonliving cells with 
somewhat thickened walls knoxNTi as the columella. Surrounding 
this is a double layer of sporogenous cells which later become 
dilTerentiated into spore mother cells and elatei*s. Exterior 
to the cylinder of the sporogenous cells is a cortical region com¬ 
posed of five or si.x layere of photosjmthetic cells wth small 
intercellular spaces, covered by an epidermis containing stomata 
similar to those found in the vascular plants. Coincident with 
the formation of the first spore tetrads the capsule begins to 
rupture at the tip along two opposite lines of dehiscence and 
these splits continue doNNTiward keeping pace with the progressive 
formation of spore mother cells and the maturation of the spores. 

The anthocerote sporophyte is nearly equipped for an inde¬ 
pendent existence. It shows a superficial resemblance to certain 
fossil, rootless vascular plants (Psilophytalcs) and because of this 
similarity the group has been regarded as the possible bridge 
in the gap between nonvascular and vascular plants. It is, 
however, higlily improbable that a plant group in which the 
sporophyte body is characterized by a basal meristem and 
absence of stelar tissues, like that of the Anthocerotales, could 
have given rise to the PsUophytales vdih a terminal meristem 
and distinct vascular cylinder. The modem plant phylogenist 
prefers to look for the origin of the vascular plants among the 
higher green thallophytes. 

SYNOPSIS 

Bryophyta: Leafy or thalloid green plants; sex organs multi¬ 
cellular, the outside layer sterile; sporophyte attached to and 
depending upon the gametophyte; root and vascular tissue 

absent. 

i. Musci: Mature gametophyte erect, ascending, or prostrate, 
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aUvays differentiated into steins and radially arranged leaves, 
the latter usually with midribs and in several ranks; rliizoids 
multicellular and branched; juvenile stage filamentous or thaN 
loid; sporophyte divided into a foot and capsule usually con¬ 
nected by an elongate stalk; capsule wall composed of several 
layers of green cells covered by an epidermis usually with func¬ 
tional stomata; dehiscence of the capsule by a terminal lid; 
elaters absent. 

Bryales: Leaves ^Wth midribs; archegonia and antheridia 
terminal; juvenile stage filamentous; capsule usually with a 
circle of teeth developed inside the lid. 

Andreacahs: Leaves with midribs; archegonia an<l antheridia 
terminal; juvenile stage thalloid; capsule without a lid, opening 
by four longitudinal slits. 

Sphagnales: Leaves without midribs, composed of a network 
of narrow green cells enclosing large, coIorle.ss nonli^’ing cells; 
archegonia terminal; antheridia lateral; juvenile stage thalloid; 
sporophyte without stalk region; the crapsulc bonje on the naked 
extension of the female branch, opening by a liil; teeth ab.sent. 

2. Hepaticae: Mature gametophyte usually prostrate, rarely 
erect or ascending, dorsiventral (rarely radial), thalloid or leafy; 
leaves in two or three ranks, without midribs; rhizoids unicc‘Ilular 
and usually uiibranched; juvenile stage filamentous and of 
limited growth; archegonia terminal or dorsal, usually with 
accessory foliar or involucral structures; antheridia lateral or 
dorsal, with accessory foliar or involucral structures, rarely 
naked; sporophyte divided into a foot, stalk, and capsule; 
capsule wall one to several layers of cells without clilorophyll; 
stomata absent; elaters or sterile cells developed in the sporo- 
genous tis-sue; dehiscence of the capsule irregular or by four 
longitudinal breaks extending from the apex to the base. 

Calobryales: Mature gametophyte differentiated into prostrate 
stems with erect branches bearing three ranks of essentially 
equal leaves radially arranged; sex organs terminal and without 
accessory foliar or involucral structures; capsule >vall a single 
layer of colorless cells. 

Jungcrmanniales: Mature gametophyte usually prostrate, 
differentiated into stems usually with three ranks of leaves, 
dorsiventral, the dorsal lateral leaves simple or folded, the ventral 
reduced or w'anting; archegonia terminal, enclosed within a 
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tubular perianth subtended by foliar bracts; antheridia lateral 
in the axils of modified leaves; capsule wall composed of several 
layers of cells,.opening by four valves. 

Melzgcrialcs: Mature gametophj’le leafy or thalloid; arche- 
gonia dorsal, protected by a perianth or an involucre or both, 
rarely naked; antheridia dorsal, embedded in cavities or on the 
surface, protected by involucral structures, rarely exposed; 
capsule wall of two or more layers, opening by four valves. 

Sphaerocarpales: Thalloid with more or less marked differentia¬ 
tion into thickened axial portion and lateral wings; archegonia 
dorsal or lateral and enclosed ^^'ithin a flask-shaped involucre; 
antheridia dorsal, enclosed within a fiasked-shaped involucre 
or embedded; sporophyte with reduced stalk; elaters represented 
by large starch-containing cells; dehiscence irregular. 

il/arc/ian/fa/cs; Thalloid, dorsivcntral, often with dorsal air 
chambers associated with pores in the epidermis, lower surface 
usually with plain and peg rhizoids, also usually with two lateral 
ranks of scales; archegonia developed on the dorsal surface of 
specialized branches or partially embedded on the dorsal surface 
of the main thallus; antheridia in cavities on the doi^sal surface 
of specialized branches or the main thallus; stalk of the sporo¬ 
phyte reduced or wanting; dehiscence of the capsule by iiregular 
valves or by the decay of the wall; elaters present in most 
cases. 

3. Anthocerotae: 

Anthocerolales: Thalloid, dorsivcntral wdthout internal spe¬ 
cialization; sex organs embedded; sporophyte consisting of an 
embedded foot and elongate capsule separated by a meristematic 
region which gives rise to new capsule tissue; elaters represented 
by small sterile cells; dehiscence by two lines progressing from 
the apex to the base. 

QUESTIONS FOR THOUGHT AND DISCUSSION 

832. What is the advantage of a multicellular sexual organ over the 
primitive unicellular type? 

833. What reason can you suggest for the presence of the ventral 
canal cells and the neck canal cells in the archegonium? 

834. What exceptions are there to the general rule that the thallo- 
phytes havje unicellular sexual organs? 
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836. How does dichotomous branching differ from the typical method 
of branching of the higher plants? 

836. Of what advantage to the moss plant is the seta? 

837. What is the probable reason for the fact that bryophytes have 
never been able to produce plants of any great height? 

838. In bryophytes what are the respective a<lvantages and dis¬ 
advantages of the thallus type and of the leafy type of plant Ixxly? 

839. How can the protonema of a moss be distinguished from a green, 
branched filamentous alga? 

840. Explain the importance of the various vegetative propagative 
methods developed by many bryophytes. 

841. What notable resemblances exist betw’een the capsule wall of the 
moss and the leaves of higher plants? 

842. Assuming that the rhizoids of the bryophytes are merely anchor¬ 
ing organs, how does the mature plant obtain w’ater and inorganic sub¬ 
stances for its vital processes? 

843. Aside from the red, purple, and brown i)igincntntion of certain 
Hfihagnupx species, explain the paler or somewhat grayish-green of these 
plants as compared to the dark green of the true mosses. 

844- Why is sphagnum (the dead and dried remains of Sphagnum 
plants) an excellent absorbent? 

846. Although the species of Sphagnum produce sex organs in abun¬ 
dance sporophytes are only rarely found. Explain. 

848. What docs a moss protoncma resemble, and what docs its pres¬ 
ence suggest as to the ancestry of the mosses? 

847. It is sometimes possible to get the vegetative tissue of moss 
sporophytes to produce, by regeneration, protoncmata from which 
gamete-forming moss plants arc produced. \\Tiat will be the chromo¬ 
some situation in such gametophytes and in the sporophytes produced 
by them? 

848. Many bryophytes are generally very tolerant of shade. Explain. 

849. In what habitats do mosses precede higher plants in an ecological 
succession? 

850. From your study of the bryophytes (and of other plant groups) 
do you think that all the structures of a plant undergo progressive 
evolutionary change at the same rate? Explain and illustrate. 



CHAPTER XIX 

VASCULAR PLANTS (TRACHEOPHYTA) 

1. PRIMITIVE VASCULAR PLANTS 

The invasion of the dry land by a plant population which 
gradually became adapted to life under the more difficult con¬ 
ditions presented by this new environment was in many respects 
the most important event in the history of the plant kingdom. 
It marked the evolution of plant types very different from the 
relatively primitive forms which could exist only in water or in 
very moist surroundings and which until that time had con¬ 
stituted the entire plant population of the globe. The differences 
between these two main groups, originating in these very diverse 
conditions, still serve to distinguish the two major divisions of 
the plant kingdom—the primitively aquatic thallophytes and 
the primitively terrestrial vascular plants. 

Land plants evidently require for their successful existence a 
number of structural modifications which are not present in 
the lower types. Chlorophyll-bearing tissue, protected against 
undue evaporation but capable of gas exchanges with the atmos¬ 
phere, is evidently one of the most important of these. A means 
of absorbing water from the soil is also necessary, and the 
differentiation of a tissue system capable of supporting the 
plant under the less buoyant conditions in the air and of con¬ 
ducting both water and elaborated food between the regions 
of absorption and the regions of photosynthesis is equally 
essential. The evolution of a jibrovascular system, which meets 
this last requirement, most conspicuously distinguishes the 
structure of those plants which first successfully invaded the 
land, and it is the characteristic possession of such tissue which 
gives these plants their name. 

The greatest gap in the plant kingdom exists between thallo¬ 
phytes and vascular plants, and in the plant world of today 
there are no forms which bridge it. The bryophytes, indeed, 
are somewhat intermediate, but among them the mosses are a 
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specialized group which apparently forms an independent 
evolutionary line, and the liverworts are far closer to the algae 
than to even the simplest vascular plants. Evidently the 
intermediate forms have become extinct during the coui-se of 
evolution. 

The simplest of living vascular plants—the lycopods. horse¬ 
tails, and fei-ns—agree in many of their fundamental eharactons 
and may well have come from the same ance.^tral stock but are 
nevertheless ver>' diverse and show a gre*at deal of specialization. 
It is noteworthy' that in all of them the sporophyte is the domi¬ 
nant and conspicuous generation and i.s the one which displays 
the adaptations to land life, tiie gametophyte being \ ery much 
simpler and usually confined to a moist environment. In the 
bryophytes, it will be recalled, conditions are quite different, 
for here it is the gametophyte which constitutes the conspicuous 
part of the life cycle, and the sporophyte is parasitic, upon it. 
If, in their primitive algal ancestry', tiie two generations were 
essentially similar, as there is good reason to believe was the case, 
they have evidently' diverged in different directions. 

Psilopbytales.—Althougli a study of living plants presents 
few helpful suggestions as to th 9 origin and cliaracter of the first 
vascular types, recent investigations among ancient fossil plants 
have fortunately brought to light some very primitive land- 
inhabiting forms, the Psilopbytales, which are clearly to be 
regarded as similar in fundamental characters to tlie vascular 
plants of today and which are believed to be ancestral to the 
whole group. They have been discovered in strata of Silurian 
and Lower Devonian age in Great Britain, Norway', Germany, 
Nova Scotia, Wyoming, China, Australia, and other regions 
and seem to have been very' common in tliese remote periods. 
They probably formed the bulk of the land flora and are the most 
primitive truly terrestrial plants of which there is any fossil 
record. 

These early vascular plants show a considerable variety' of 
size and form but are all remarkably simple in comparison with 
those of today. The plant body consists of an axis wliich 
possesses a vascular cylinder formed of typical xylem cells and 
surrounded by phloem, essentially as in the higher vascular 
plants. True roots seem to have been absent, though in some 
forms root-like rhizomes occur. The aerial stems brancli by 
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simple forking (dichotomously) and have no true leaves, though 
a few types bear leaf-like scales. Sporangia are borne on the 



Fio, 328,— Rh]fnia. Reconatruction of plante of two apecios^ showing leafless 
Btems, absence of roots, and terminal sporan^a. (AJttr Kidtton and Lang.) 

ends of the branches and have walls several layers thick. The 
spores are apparently all alike. 

One of the best known forms is the genus Rhyni^ (Fig. 328), 
a small, rush-like plant about half a meter high, the body of 
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which consisted of nothing but an upright, dichotoinously 
brandling axis, anchored to the soil by a creeping rhizome. 
Absorption apparently took place through rliizoids, or root 
hairs, on the bases of the shoots. Each shoot seems to liavc 
terminated finally in a single sporangium. A transverse section 
through any part of the axi.s shows a .solid central core of vascular 
tissue surrounded by a cortex. The vascular oyhnder is tliu.s 
of the type kno\Nm as a proiostcle, the central portion consisting 
of an axis of xylem (hero made up of spirally tliickened trucheids) 
and surrounded by phloem. In the epidermis of lihynia are 
stomata with two guard cells not greatly differc-nt from those 
with which we arc familiar today. Here is a vascular plant 
reduced to its lowest possible terms—no leaves, no roots, no 
elaborate sporangium-bearing structures. One can readily 
imagine how such a simple form might have evolved from an 
algal ance.stor. The dichotomous branching is characteristic 
of the thallus of brown algae and of liverworts but is relatively 
uncommon in vascular plants. •Growth by a large apical cell 
does not occur in Rhynia, however, but its groiNdng point Is a 
multicellular mass of tis.sue much like that in one of the higher 
vascular plants of today. It is remarkable that in such an 
ancient fossil these structural details should be so beautifully 
preserved. 

Rhynia seems to represent the type from which the more com¬ 
plex members of this group evolved. Pseiulosporochnns, for 
example, was a more shrubby plant, one to two meters high, 
with a naked, rather stocky axis and copious dichotomous 
branches. These ended in small, flattened branchlets somewhat 
resembling minute leaves. The internal structure of the axis 
was much like that of Rhynia. Astcroxylon (Fig. 329), on the 
contrary, a much smaller form, had the lower part of its axis 
abundantly clothed with scale-like, irregularly arranged struc¬ 
tures, doubtless containing chlorophyll. The terminal branches 
were naked and ended in sporangia. Sections of the axis show 
it to have had a relatively complex structure. The xylem of the 
vascular cylinder was deeply lobed, and the indentations between 
the arms were apparently occupied by phloem (Fig. 329, c). 

In the larger species some of the tracheids are scalariform and 
others have rounded pits. From the rhizome grow slender 
root-like branches. In Protopteridium the much-branched fertile 
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axes were strikinglj’^ like fern fronds. Baragwanthia was a 
genus of small plants which bore lateral organs more like leaves 
than those of any other member of the group. It is one of the 
oldest land plants known, going back to the Silurian peiiod. 



Fro. 329.— Asteroxylon. A, roconstruction of a plant, showing tho small, 
crowded leaves on tho basal part of tho stem; tho upper, leafless part of the 
stem, with terminal sporangia; C, section of the fibrovascular oylinder, showing 
the much-convoluted xylem. (From Kidaton and Lang.) 

The Psilophytales are probably ancestral to the various groups 
of higher vascular plants but it is doubtful whether we have 
found, among the forms now known, the most primitive of land 
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plants. It is rather remarkable that the most complex Psilo- 
phytales are the most ancient ones and that simple form.-* like 
Rhynia are geologically more recent. There was evidently a 
substantial flora of primitive vascular plants even as far back 
as the Silurian, and fossils from this period may.show what the 
most ancient land ijlants were like. 



Flo. 330.— PtUctum. A, portion of a shoot shoninfi dichotomous branching 
and scalc-liko forked leaves; B, a small part more highly mognilied, with two 
three-Iobod sporangia. 

PsUotum and Tmesipteris.—These ancient and primitive 
psilophytcs disappear from the fossil record after the Devonian, 
nor have they been found in later geological periods. Remark¬ 
ably enough, however, there are two genera of living plants 
which somewhat resemble them and may have descended from 
the same stock. Psilotum (Fig. 330) is a tropical genus of two 
species mthout roots and possessing a dichotomous shoot 
system. The lower portion is a rhizome, attaching the plant 
to the soil or other substratum and bearing green aerial branches. 
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Stomata of modern type occur on the stems. Leaves are present 
only as small, paired scales. In the axil of each pair is a three- 
lobed thick-walled sporangium which in its development seems 
originally to have terminated a short branch. The spores are 
all alike. The^ rhizome has a protostele, but in the aerial stem 
this is lobed somewhat as in Astcroxylon (Fig. 331). 



Flo. 331.—Transverse section of the vascular cylinder of PailtAum, showing the 
alternating or raduil arrangement of zylem and phloem. 


Tmesipteris, the other living genus, is a rootless epiphyte 
from the eastern tropics with small, green leaves in the axils 
of which occur two-lobed sporangia. The vascular cylinder of 
the slender stem is broken into a ring of small bundles. In both 
genera, the “leaves” may not be true leaves but may represent 
the scale-like structures formed in fossil psUophytes. 
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The gametophytes of these genera are subterranean. Tliev 
. are cylindrical, elongate, and dichotomous, somewhat resembling 
pieces of the rhizome, and contain a mycorrhizal fungus. In 
no other vascular plants arc spoiophyte and gamctophyte so 
closely sunilar. Sex organs arc borne over the entire sur¬ 
face. The sperms are multiciliate, like those of most higher 
plants. 

These two genera, if they have indeed descended from the 
ancient fossil forms described above, j)resent a remarkable case 
of the persistence of plant types unchanged through millions of 
years. They may well be regarded us “Ii\'ing fossils.” 

The ancient forms, together \\ith these living relatives, are 
grouped together as the Psilophytalcs. They probably are 
descended from some remote algal ancestor, but, simple as they 
are, the gap that separates them from algae and bryophytes 
is still a ^ride one. They arc of particular interest to the student 
of plant evolution, however, since they not only indicate the 
character of the primitive and ancestral stock of vascular i)lants 
but suggest how the three now ver^’ diverse series of these forms 
may have had their origin. It is eiusy to imagine a derivation 
of the lycopods, with their small, scale-like leaves, from such a 
form as Asteroxylon, for example. The fern scries, on the other 
band, may well have come from Pseudosporochnus, BaragwanUiia, 
and other types in which the branch tips, flattened more and more 
and fusing together, finally produced the large leaf characteristic 
of ferns in general. A good scries from other Psilophytalcs 
to the early horsetails can also be found. We may therefore 
look upon the vascular plants as established with the ancient 
Psilophytalcs and as evolving from these in three lines which 
have been separate back to their very beginning—the lycopod 
scries, or Lycopsida; the horsetail series, or Sphenopsida; and 
the fern series, or Pteropsida. These have advanced over their 
primitive ancestors by the development of typical roots and 
leaves. The sporangia no longer terminate the axis but are 
associated with lateral leaf-like structures, - the sporophylls. 
The vascular tissue has also become considerably more complex. 
In the higher Pteropsida the vascular plants have developed into 
the dominant seed-bearing gymnosperms and angiosperms of 
tc^ay. The characteristics of these groups of vascular plants 
will occupy the remaining chapters. 
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QUESTIONS FOR THOUGHT AND DISCUSSION 

861. Why would leafless axes, like those of the early Psiloplndales, 
be better able to meet the difficulties of a land environment than ^ould 
have been a leafy shoot? 

862. Why should the root be later to evolve than the stem among 
primitive vascular ])lants? 

863. Roots in the vascular plants may have arisen as modified 
rhizomes, or as enlarged rhizoids. hich do you think is the more 
probable suggestion? 

864. Where is photosjmthesis carried on in the Psilophytales? 

865. What advantages were gained in the higher Psilophytales by the 
development of scalc-like structures on the stems? By flattened branch 
tips? 

866. In what respects does Anthoceros resemble the early Psilophy¬ 
tales? In what respects do the mosses? 

867. Why is it, do you think, that so few of the Psilophytales liave 
survived to the present day? 

868. In your opinion which of the three groups of vascular plants is 
the most ancient? Give reasons for your answer. 

869. In what respects may the sporangium of Tmesiplcris bo regarded 
as more primitive than that of Psilotumf 

860. What conclusion can you draw from tlie fact that the gameto- 
phyte of the Psilophytales somewhat resembles the sporophyte? 



CHAPTER XX 


VASCULAR PLANTS 
2. THE LYCOPSIDA 

Of the three distinct groups of vascular plants which evolved 
from the primitive psilophyte stock, the one which seems to 
have retained its aneicnt character most fully is the group of 
plants to which our living lycopods, or “club mosses,’' belong. 
In late Paleozoic times the ancestors of these plants were large 
and abundant and formed a conspicuous part of the vegetation, 
but they arc now reduced to a very minor po.sition. 

ThU entire evolutionar>' series, to which the name Lycopsida 
has been given, is characterized by haNdng their stems dichoto- 
mously braiK'lied, clothed with very small, numerous, and 
spirally arranged leaves, and by the fact that the sporangium is 
borne on the upper surface of its sporophyU. These sporophylls, 
which somewhat resemble vegetative leaves, are usually grouped 
into terminal cones, or strobili. Some of the Psilophytales, 
notably the genus Asleroxylon, bore a marked resemblance both 
externally and internally to some of the Lycopsida, and it is 
probably from ancient forms something like this that the lycopsid 
scries evolved. 

Lycopodium.—The genus Lycopodium, our “ground pine," 
is the only very common living member of the group and includes 
over 100 species in both the tropics and temperate regions. 
Many tropical species are epiphytes. It possesses true roots, 
but these are always adventitious and never form a definite 
root system. The stems in most species creep over the surface 
of the ground or just under it and send up vertical shoots 1 or 2 
decimeters high which bear the strobili (Fig. 332). Both roots 
and stems tend to be dichotomous in their method of branching. 
The branches at a fork are often unequal, one forming the main 
axis and the other a determinate lateral branch which divides 
in only one plane, producing a flattened branching spray some¬ 
what suggesting the frond of a fern. The plant as a whole thus 
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loses the appearance of dichotomy. The leaves are spirallj'^ 
arranged or ojjposite and are very small and simple in structure. 
Phyllotactic .‘spirals with fractions such as ^7 and ^ 9 , unlike 
those occurring in higher plants, are found. Lateral roots 
arise merely by forking, and never endogenously, as in higher 
|)lants. 



Fig. 332.— Lycopodium. part of u plant of L. annofiniim showing prostrate 

stem and leafy, erect shoots bearing cones or strobdi (s); sporophyll or cone 
scale, bearing a sporangium on its upper surface; C, one of the very numerous 
spores produced in this sporongium, greatly enlarged. 


Internally the stmeture of Lycopodium is different from that 
of any other vascular plant. The solid vascular cylinder con¬ 
sists of alternating bands of xylem and phloem (Figs. 333 and 
334), the former sometimes coalescing to make an irregularly 
star-shaped outline. The protoxylem is at each end of a xylem 
band and is thus exarch in position. From each of these proto¬ 
xylem groups a small vascular bundle is pinched off and departs 
to a leaf. The cells of the xylem are tracheids with scalariform 
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pitting. This general structure, where X 3 'lem and phloem alter¬ 
nate and the xylem is exarch, is essentially that found in the 
roots of all plants, and it is perhaps significant that there is no 
marked difference between root structure and stem structure in 
Lycopodium, as there is in most plants. This type of vascular 
cjdinder suggests the one found in Astcroxylon. 

Unlike Sclaginella and the horsetails and fern.s, Lycopodium 
has no single apical cell by which the axis grows, but the terminal 
meristem consists of many equal cells and much ixisenibles that 
of the higher vascular plants. 



Fio. 333.—Tranwvoroo section (diaKruininatic) of the *itcn» of Lycopodium. 
Tho ribrovoHcular cylinder consists of ollcrnatitiK bands of wood and phloem. 
From tho cylinder a small Icof trace deports to each loaf. Wood black, phloem 
dotted. 

The sporangia arc very large. They are borne on the upper 
(adaxial) surface of the sporophyll or sometimes on the stem 
just above the attachment of the sporophyll. The sporophylLs 
are most commonly in strobili but arc sometimes ordinary vege¬ 
tative leaves, a group of sporophylls alternating on the stem 
with a group of ordinary leaves and no typical cones being formed. 
Tho sporangium wall consists of several layers of cells, the inner¬ 
most, or Uipelum, being richly protoplasmic and serving to 
nourish the developing spores. Tho sporangium develops from 
a group of colls which divide parallel to the surface, the outer 
layer forming the wall and the inner the spores. This is the 
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cusporangiaie type of sporangium formation, and contrasts 
with the leptosporangiaic type, found in most ferns, where the 
entire sporangium grows from a single epidermal cell. The 
contents of the sporangium divide into a number of spore 
mother cells, each of which produces four spores. Chromosome 
reduction takes place in the first division of this mother cell. 



Fio. 334.—Portion of n transverse section of the vascular cylinder of Lycopo^ 
dium, highly magnified» showing character of tissues, departure of a leaf trace, 
and CKarch position of the protoxylem. 


The spores of Lycopodium are all alike. They germinate, 
in our species, into peculiar subterranean gametophytes (Fig. 335) 
which take many yeare to come to maturity. Lycopodium 
gametophytes were once thought to be very rare, but careful 
search in the proper environments has showm them to be not 
uncommon. Some of their ceUs are filled ^vlth the mycelium 
of a fungus. The antheridia and archegonia are borne on the 
same gametophyte and are large and partially sunken in the 
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upper surface. The sperms have two cilia, thus resembling 
those of the brj’-ophytes. In many cases the young sporophyto 
remains attached to the gametophyte for some time bv means of a 
special organ, ihafoot, through which the food is absor!>od. In 
some species, especially tropical ones, the gametophvte Ls much 
smaller, contains chlorophyll, and grows at the surface of the 

soil. 



Lycopodium, shon-ing tho stout, subtorranoan. 
tuber-Uko^rtion and tho upper region in which tho anlhoridia (an) and arcbe- 
SOiiift (or) are produced. {From Stroshurger^ after Druchmann.) 

Some types reproduce vegetatively by bulbils or gemmae, 
small bud-like structures which form near the stem tips and 
drop to the ground. 

Phylloglossum.—This genus, consisting of a single species, 
is confined to the Australian region. It is only a few centimeters 
high and consists of a stout axis growing from a tuberous base 
and bearing a cluster of slender leaves ^nd a strobilus. The 
simple character of Phylloglossum has led some botanists to 
regard it as a very primitive type, but this simplicity has prob- 
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ably come through reduction from an ancestor resembUng 


Lycopoditim. 



Fio. 33G.— Seiaginella, Sporophyto of S. Kratuauina. (From O. M. Smith.) 


Selaginella.—In the genus Selaginella (Fig. 336), which is best 
developed in the warmer climates where about 500 species are 

known, the sporophyte resem- 




Fia. 337.—Transverse section of the 
stem of SeUiQineUa (diagramroatic). 
Xylom boxmded by solid line, phloem by 
dots. 

V 

the ground and there bear roots. 


bles that of Lycopodium in 
many respects but is much less 
robust. Some species are 
small and almost moss-Uke. 
Others have large, flattened, 
frond-like branches. The 
leaves are rarely spiral but 
occur in four roxs's, two of large 
leaves and two of smaller 
ones. On the upper surface 
of each leaf is a small scale¬ 
like structure, the ligule, prob¬ 
ably vestigial. ForiM with 
erect stems bear curious leafless 
branches or rhizophores which 
grow down from the stem into 
The vascular cylinder usually 


consists of a group of separate vascular bimdles (Fig. 337). 
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Between each of these and the surrounding cortical tL<sue there 
is an air space, bridged at intervals by cells of the endodormis, 
by wliich the bundle Is thus suspended. Most of the xylem 
cells are scalarLfoiTO tracheids, but the end walls are sometimes 
porous so that the cells are really vessels. 

In the strobili (Fig. 338) the lower sporophylls boar .sporangia 
containing only four large, thick-walled sj)ores each i^megaspores), 
whereas the upper sporangia liave a large number of much smaller 
spores {micTosporcs). Tlie sporophylls are thus termed tmga- 
sporophyUsii.T\d microsporophylls; and the sporangia megasporongin 



Flu. 338»—yl, Moction of strobilus of SttQgintUa^ niicro9|K>run^u ut loft, 
BI>oranina at hfclit; H, ooctioti of nucroBporahgium; C, occlion of iiicgu^porungiuin. 
(From O. M. Smiih.) 


and microsporangia. Such a plant is said to be hetcrosporous, 
since it produces two kinds of spores. The history of these 
spores after germination is quite difTercnt, for from a meguspore 
develops a female gametophyte (bearing only archegonia); 
and from a microspore, a male gametophyte (bearing only 
anthcridia). 

The germination of the megaspore sometimes takes place 
before it leaves the megasporangium. The spore nucleus tUvrides 
repeatedly, forming a considerable number of nuclei, and about 
each a cell wall develops. The enlarging muss of gametophytic 
tissue finally bursts the thick spore wall and protrudes slightly. 
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On the exposed surface develop a few archegonia, much smaller 
than those of Lycopodium and somewhat embedded in the tissue 
(Fig. 339). 

The germination of the microspore takes place entirely within 
the spore wall. One of the cells (the prothallial cell) resulting 
from the first division never divides further and is believed to 
represent the v'estige of a once more abundant v'egetativ'e tissue. 
The other produces what is essentially a single antheridium, 

consisting of a wall surrounding 
a group of cells each of which 
produces a male gamete. Tiie 
microspores after shedding often 
drop down among the female 
gametophytes, still in the spo¬ 
rangia; and after the microspore 
wall breaks down, the male 
gametes are liberated, and fer¬ 
tilization takes place, the male 
gametes swimming to the 
archegonia. 

The young sporophyte is pushed 
down into the gametophytic 
tissue by a long cell, the suspen- 
sor, and there develops into the 
embryo. This absorbs food 
through its well-developed foot 
and soon becomes differentiated 
into a young sporophytic 
wdth roots, stem, and leaves and 
ultimately becomes established 
in the soil. The early stages in 
its growth sometimes take 
while the gametophyte is still inside the old megaspore wall 
and even while the spore is retained in the strobilus, so that 
the young sporophytes attain considerable size before they fall 
to the ground. 

The gametophytes of Selaginella are not only different from 
one another but show a great reduction in size from the large 
tuberous ones of Psilotum and Lycopodium, and although they 
are still independent they show little or no growth, since food- 





Fig. 339. —Female gametophyte of 
Sclaoinella. The stout wall of the 
micro.sporo stiU encloses part of tho 
gnmotophyto. At tho right is an 
archogonium; at the center and left, 
young embryos that have arisen from 
fertilized eggs in other archegonia. 
Tho embryo is carried down into tho 
tissue of tho gametophyte by an 
elongated cell, tho In 

the larger embryo, the shoot (at 
right) and root (nt loft) aro beginning 
to become difTorontiated, as well as 
the largo, absorbing/oo( at tho lower 
left. {Mainly after P/effer.) 
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producing tissue is no longer present. Development depends 
entirely upon food deposited in the spores as they grow in the 
tissues of the parent sporophyte. If the female gametopliyte 



Fio. 340.— l9oei€4i. entiro X ?i: /I, loiiipiuciinn) ttoction of leaf base 

Bhowing ligulc and sporangium mth niogaaporos and trabeculae; C, face view of 
ventral surface of leaf base ehowing ligulo and partly covered sporangium. 
(From A. J. Eames.) 

were not only to be retained in the sporophyte but if both it 
and the young embryo were to continue to absorb food from 
this source until the embryo had made a substantial g^o^^'th, 
a structure essentially like a seed would result, mth all the 
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advantages in reproduction which have been discussed elsewhere. 
Tlie seed-bearing habit seems to have evolved independently 
in a number of plant groups. 

Isoetes.—Rather distantly related to Sclaginella is the remark¬ 
able genus isoctes (Fig. 340), the quillwort, a small aquatic or 
amphibious plant consisting of a very short, thick stem from 
wliich arises a cluster of quill-like leaves, each ^^^th a ligule. 
The stem has a plate of vascular tissue around which a cambium 
is weakly developed. All the leaves are sporophylls, the swollen 



Fio. 341.—Stages in development of orchegoniiim of laoeiet. Lower left shows 
neck cells, neck canal cell, ventral canal coll, and egg. In mature archegonium 
ut right, neck canal cells and ventral canal coll have disintegrated. (After C. 
LaMoUe.) 

base of the leaf containing a single large sporangium partly 
enclosed \vithin its inner (ventral) surface. The outer leaves 
are megasporophylls and the inner ones microsporophylls. 
The sporangium is incompletely divided into chambers by plates 
of sterile tissue, the trabeculae. The spores are usually released 
by the decay of the sporophylls. The development of the male 
and the female gametophytes (Fig, 341) from the microspores 
and megaspores and the growth of the young embryo proceed 
in Isoetes much as in Selaginella. This genus seems to be a 
reduced and simplified descendant of a more sturdy lycopod stock. 
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Fio. 342.— A, rocoiutruction oi Lepidodendron; B, reconstruction of Sxgiilaria. 

iProm <?. M. Smith, after Uirmer.) 

Fossil Lycopsida.—In ancient times the Lycopsida were far 
more numerous and conspicuous than now. Especially was this 
true in the Carboniferous period, when the group had a host of 
large, tree-like members. Typical of these was the genus 
Lepidodendron (Fig. 342, A), a tree sometimes almost 100 feet 
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liigh, with a single trunk but dichotomously branching roots and 
stems. Sigillaria (Fig. <342, B) and Bothrodcndron arc other 
common fossil forms. The leaves were small and spirally 
arranged, and the marks produced by the persistent and enlarged 
leaf bases on the bark of the older stems are a characteristic 
feature of the plant. Each leaf had a well-developed ligule, 
which seems to have served as a water-absorbing organ. Inter¬ 
nally there was a relatively weak development of vascular tissue 
as compared with modern trees, but a cambium laid down a thick 
zone of secondary wood and phloem around a core of exarch 
primary wood. There were numerous rather large terminal 
cones, composed of mcgasporophylls below and microsporophylls 
al')ovc. The contrast in size between microspores and mega¬ 
spores was greater than in living forms. This hctcrosporous 
condition, which was nearly universal in the group, was evidently 
further developed, for in related forms seeds seem to have been 
produced. Well-preserved female garactophytes have occa¬ 
sionally been found, and they resemble those of Selaginella. 

For some reason not yet clearly understood the Lycopsida 
were unable to survive as a conspicuous clement in the land 
vegetation. They had developed secondaiy thickening and the 
seed liabit, both of them characteristics of the more successful 
pteropsid series, but in the great climatic changes which ended 
the Paleozoic era they seemed to lack the ability to meet altered 
conditions and are almost absent from the fossil record thereafter. 
The few forms which have sui^dvcd to the present are simpler, 
smaller, and presumably more adaptable types. 

Economic Importance.—Few li^’ing Lycopsida are of economic 
value. Some species of Lycopodium are widelj'^ used for Christ¬ 
mas decoration, and the spores of this genus form the lycopo¬ 
dium powder” of pharmacy. The chief value of the group is the 
contribution which its fossil members made to the coal deposits 
of the world. 

QUESTIONS FOR THOUGHT AND DISCUSSION 

861. Of what advantage to the plant is it to have its sporophylls 
grouped into a cone rather than scattered along the stem? 

862. Which species of Lycopodium do you think are more primitive, 
those in which the sporophylls are grouped into cones or those in which 
they resemble vegetative leaves? 
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863- What significance has the fact tliat the structure of root and of 
stem in the lycopods is essentially the same? 

864. What are the advantages of a subterranean, saprophytic gameto- 
pbyte over a free-living one? Which form do you regard as the more 
primitive? Explain. 

866. Do you think that Lycopodium lias descended from the ancient 
lepidodendrids? Explain your answer. 

866. ^^^>at reason can you suggest for the fact that the ancient 
lycopods, once .so large and abundant, failed to survive except for a 
few degenerate offspring whereas the ferns are still present in great 
variety and probably gave rise to the higher vascular plants? 

867. What advantage has a hctcrosporous plant over a honiosjiorous 
one? 

868. What advantage is gaine<l, in Sclaginclla, by having the inega- 
sporc retained for a lime in the ruptured rnegasporangiuiu? 

869. In xnew of these various a<ivantages, why is it, do you think, 
that Lycopodium is so much more witlcspread and successful to<lay than 
SelaginellaT 

870. In what characters docs Jsoclc$ resemble Srloginellaf In what 
ones do they differ? 



CHAPTER XXI 


VASCITLAR PLANTS 
3. THE SPHENOPSIDA 

A second independent evolutionary line of vascular plants 
originating from the ancient Psilophj’tales resembles the Lycop- 
sida in having small leaves and in the grouping of sporophylls 
in strobili but is distinct in several respects. The stems are 
typically hollow and jointed, with the small leaves in whorls 
at each joint, or node. Externally the stems are ribbed, the 
rib being opposite a vascular bundle which is associated vdth a 
small air-filled canal. Diaphragms often extend across the stem 
at the nodes. The sporangia are borne in groups on stalked, 
shield-shaped structures which form terminal cones. The 
Sphenopsida were also abundant in the Paleozoic but have now 
become almost extinct, being represented today only by the single 
genus Equisetum. 

Equisetum (Fig. 343).—This genus of about twenty-five species 
may well be called, like Psilotum, a “living fossil,since it 
is the sole representative today of a large group of plants which 
for a long time were conspicuous members of the earth’s vegeta¬ 
tion. The living species are all rather small, herbaceous plants, 
ranging from a few inches to a few feet in height. They are 
found almost eveiywhere except in the Australasian region. 
Along the ridged, green stems are whorls of small, scale-like 
leaves fused at their bases into sheaths. The ridges are equal 
in number to the leaves, and those of one intemode alternate 
^vith the ones above and below it. When branches are present, 
they arise at a node. Photosjmthesis is carried on almost 
entirely in the stem. The underground portion of the plant 
consists of a stout rhizome from which roots are developed, 
but the latter never produce a large root system. The stems, 
especially the aerial ones, are hollow except at the nodes, where 
there is a continuous mass of tissiie across them. The internodes 
elongate by means of a meristem at the base of each, protected 
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fia* 343«— Bouiseium arvcnae. A plant producing from its underi^ound 
^t>otatock a fortilQ sWm (A) torminAting in a eono (0» ^^d a sterile much-branched 
shoot (B)» Dt one of the sporaoipophorcs from tho cono, bearing a group of 
sporangia* a sporangiophoro aftor tho shedding of tho spores* F, G, and //, 
spores, groatJy onlvgodt with tho elatoni in various positions (F when moist* H 
when dry). 
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by the leaf sheath, and thus the intemodes or “joints” may be 

pulled apart rather easily in most species. 

Internally (Figs. 344 and 345) the stem has the characteristic 
structure of a bog plant, although a few species, notably the 
common E. arvense, live on dry, light soil. In the cortex just 
below each furrow is a conspicuous canal (the vallecular canal) 
outside which is a mass of green photosynthctic tissue. The 
ridges are formed of heavy sclerenchyma cells, the walls of which 
contain much silica. Retween this ring of canals and the central 



Fio. 34-i.—Transverse section (dinRrammatic) of tho atom of 
Note the large central cavity, tlie air cliainbers opposite tho stem furrows, and 
the smaller ones in the bundles. The fibrovascular system is much reduced, 
consisting of a ring of small bundles, each with two inmuto arms of wood and a 
patch of phloem between. Wood black, phloem dotted. 

pith cavity is a ring of vascular bundles, each opposite a ridge 
on the stem. The inner portion of each bundle consists of a 
group of protoxylem cells, which have mostly broken , down, 
leaving a small cavity (the carinal canal). Outside this is a 
group of phloem cells flanked on either side by a small group of 
xylem cells. The vascular tissue is thus very much reduced, 
as is characteristic of bog plants generally. The outer and inner 
limits of the vascular cylinder can often be made out by locating 
the endodermis, distinguishable by the Casparian strip in its 
cells. The vascular tissue forms a continuous and rather heavy 
ring at each node, and from this mass a small bundle departs 
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Xylem 

Corir>ol 
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to each leaf, but this departure causes no break in the con¬ 
tinuity of the ring. 

Growth of roots and stems in lengtli is initiated by a large, 
pyramidal apical cell from the tlirec faces of which cells are cut 
off in regular succc5ision. These by later divisions give rise to 
the various ti.ssue.s t)f the axis. 

Spores are formed in terminal cones, usually on vegctati\’e 
stems but in E. arvense on the short-lived browni.sh shoots wliich 


Volfecolor 

Conol 




Fio. 346.^Portion of d trunsvcr&o section of the Htciii of Kquisttum tindor Iiifth 

l>owor. 

are so conspicuous on sandy banks in ca«ly spring. The cone 
consists of successive whorls of shicld-sliapcd sporangiophores 
projecting outward from the axis of the cone, each bearing on the 
inner margin of its disk a ring of sporangia which point inward. 
Typical sporophylls, like those of Lycopodium, are not found. 
The spores, produced in tetrads, are all alike. The outer wall 
layer of each forms a group of four delicate bands with flattened 
spoon-shaped tips. These elatera respond sensitively to the 
moisture of the air, coiling tightly around the spore when the 
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humidity is high but uncoiling and spreading ^*idely when it is 
dry. In this way they loosen the spore mass and aid in spore 
distribution. 

The spores germinate into green, thallus-like gametoph>i;es 
(Fig. 346) whicli are rarely found in nature but may readily 
be g^o^^'n from spores in culture. They consist of a cushion-Uke 
mass of tissue from which irregular, thin, vertical lobes arise. 
The whole grows by means of a rim of embryonic cells. Arche- 
gonia develop first and are usually found near the bases of the 

lobes, only their necks protrud¬ 
ing. Anthcridia are formed later, 
and in poorly developed game- 
tophytes they may be the only 
sex organs produced. Each sperm 
has a tuft of cilia. The ferti¬ 
lized egg develops directly into 
the young embryo, and no sus- 
pensor is formed. 

Ancient Sphenopsida.—A clue 
to the origin of such a remark¬ 
able plant as Equiseium is pro¬ 
vided, as in so many cases, by a 
study of fossils. Among the con¬ 
spicuous swamp plants of the 
Carboniferous period were some 
large, woody types, the Cala- 
mites (Fig. 347), with conspic¬ 
uously jointed stems, whorled 
branches, and, on the smaller branches, whorled leaves. These 
trunks arose from stout underground rhizomes which possessed 
rather sparse roots. The plants bore cones much resembling 
those of Equiseium exfept that in many of them there were circles 
of leaves alternating with the circles of sporangiophores. A 
number were also definitely heterosporous, though none wth 
seeds has yet been found. Internally they were conspicuously 
different from Equiseium in having a well-developed zone of 
secondary wood and phloem. The primary wood was much 
reduced, but in each bundle occurred a cavity corresponding 
to the carinal or bundle canals described above. The pith was 
also usually hollow. There seems little doubt that these cala- 



Flo. 340.—Gamctophytc of Equi- 
Bcium. ft mall gnmctophy to 

anthoriclia only; male 
gametes: C, larger gainotophyto 
showing tho long, branching lobes 
yyiiU archegonia at their bases. (A 
and C after Hofmcislcr^ B after 
Schachi.) 
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mites belonged to the general group which gave rise to the 
living horsetails but that some of their members had attained 
a much higher degree of specialization than is shown by their 
rather degenerate modern representatives. Intermediate forms 
occurred in the Mesozoic era. 



Fio. S'lT^-^Rocotistruction of a plant of Cotamiies, sovoral feci tiifth, 5ho^nfi|^ 

whoricd Icavca and branches and ridscd stems. 

The sphenopsid stock probably arose in the first place from 
some of the ancient PsUophytales, The genus Asterocalamitea 
of the Upper Devonian has jointed stems, but the whorled 
leaves are slender and dichotomously branched. Still more 
ancient is Hyenia, in which the jointed character is only beginning 
to appear. Here, too, the forldng, sporangium-bearing branches 
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have their tips recurved, suggesting the manner in which the 
characteristic sporangiophore of the higher types may have 
originated. The gap l^etween such a form as Hyenia and the 
oaily Psilophytales is not great. 

Close to the cAam'Ac-Kquisctuin line are the Sphenophyllales, 
a group of fos.<il plants abundant in the late Paleozoic. These 
had slender, ridged stems with whorls of small, usually lobed 
leaves at tlie nodes. The stem had a triangular central axis of 
primtiry wood with protoxylein at its corners, and a cylinder of 
secondary wood around it, so that the general structure resembled 
that of a root. 'I'lie strol>ili were somewhat like those of Equi- 
sctuin but much more complex. 

Economic Importance.—The large amount of silica which 
Equiscluin contains led to the use of its stems for scouring 
purposes in older days and to its common name of “scouring 
rush.” As in the Lycopsida, the chief economic importance of 
the Sphenopsida has been in their contribution to the formation 
of coal. 


QUESTIONS FOR THOUGHT AND DISCUSSION 

871. lYh.at indication is presented by the internal structure of the 
stem of Equisetum as to the typo of environment for which this group of 
plants was originally adapted? 

872. Why is the sporangiophore of Equisetum probably not to be 
regarded as a sporophyll? 

873. Wl\at structural similarities can you find between Equisetum 
and monocotyledonous plants? 

874. What relation is there, do you think, between the very weak 
development of vascular tissue in Equisetum and the abundance of 
silica in tlie cell walls of the stem? 

876. In what group of plants other than Equisetum do elaters occur? 

876. In what particulars do the Equisetales resemble the ferns? In 
what do they resemble the lycopods? 


I 



CHAPTER XXn 
VASCULAR PLANTS 


4. THE PTEROPSIDA 

The three groups of Vascular Plants whicli have thus far been 
described are alike in having formed a conspicuous part of the 
earth’s vegetation in past ages but in having become almost 
extinct today. They also resemble each other in possessing verj’’ 
small leaves and relatively large sporangia, which cither terminate 
branches or are in the axils of leaf-like structures. 

It is the final group, the Pterbpsida, which includes the great 
majority' of land plants today. Its leaves arc characteristically 
large and conspicuous (though much reduced secondarilj' in 
certain cases), and the sporangia are more numerous and at least 
primitively are borne on the back or lower surface of the leaf. 
The most ancient members of the Pteropsida sur^’ivdng today 
are the Ferns, and although these have formed an important 
part of the vegetation of the earth from ancient times and arc 
still numerous, they have been quite outdistanced by the host 
of seed-bearing plants, the Gymnosperms and the Angiosperms, 
which have evolved from them. 

THE FERNS (FILICINEAE) 

External Structure.—The ferns of today include about 5000 
species, widely dispersed over the globe but particularly abundant 
in its warmer and moistcr regions. They are typicallj^ meso- 
phytic and more tolerant of shade than most seed plants, but 
many ferns arc xerophytic and some arc flouting aquatics. Most 
arc rather small, herbaceous plants, but a few “tree ferns" may 
reach a height of 50 feet or more. The typical fern leaves, or 
fronds, large, pinnatcly compound, and often much dissected, 
form the most striking feature of the plant (Figs. 348 and 349). 
These are so radically different from the leaves of the lycopods 
and horsetails as to suggest that they arc a different type of 
structure, a conclusion which is supported by what we know 
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of tlieir evolutionary history. The stem, on the contrary, is 
except in a few cases relativelj' weak and inconspicuous and in 
tnost species is a subterranean rhizome. Roots are numerous 
l)ut do not form an extensive system. 

Internal Structure.—Internally the organs of a fern plant are 
similai- in tlieir fundamental structure to those of flowering plants. 
In a few simple forms the vascular cylimler of the stem is a solid 



Fig. 3*18. A fern plant, the polypody {Polypodxum vulyare). This is the 
sporophyto generation. Tho stem is a creoping rootstock. On tbo backs oY the 
leaves arc borne sori, or clusters of sporangia. 

axis of xylem surrounded by phloem (a protostele), but much 
more typically it is in the form of a hollow tube which separates 
the fundamental tissue into an inner pith and an outer cortex. 
This tube, or siphonostcle (Figs. 350 and 351), may be continuous 
or broken into a network of strands. It consists of a ring of 
?cylem in which the protoxylem elements are surrounded by 
metaxylem (a mesarch condition). Phloem is ordinarily present 
on both the inner and the outer surfaces of the xylem, and the 



l*i«. 349,—Tho Htructurc of u fern (AsptiJiuni). A, the plant os a whole; li, 
portion of leaf with ttcvcn fruiting ilotn or »ori on it.*< lower surface, each covered 
by an induaiurn (a) from under wliich the tiporungia (h) arc protruding in one c(i*e; 
C, a singlo HiKtrangiuin; D. transverno aoctiori through a siurun. :iho\ving section of 
leaf blade above and of indui^ium below, with cluster of sporatigiu attached 
between thorn. C^ram StrasOuro^r.) 


%'ascular tissue is limited on all sides by an endodermis. Save 
in one or two instances the tissues are all primary in origin, 
and there is no sign of cambial activity. In the larger and more 
complex ferns there are usually several concentric rings of 
vascular bundles. 
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The cells of both xylem and phloem are somewhat less spe¬ 
cialized than in the tissues of the higher vascular plants. Vessels 
liave been found in a few cases but xylcm cells are usually scalari- 
form tracheids. In most species masses of heavy-celled scleren- 

ehvma arc found in the cortex and often in the pith, and aid in 
% 

maintaining the rigidity of the stem. 

The vascular connection between leaf and stem is more com¬ 
plex than in other plants thus far described. Typically, an 
entire segment of the tube passes out into the base of the petiole 
as the leaf trace (Fig. 350), and a break, or leaf gap, is left in the 



Fio. 350.—Tran.svorse section (diaKrammatie) of tlio stem of a fern {Adxan- 
Oim). The fibrovascular system is hero arranged in a hollow tube, the wood 
surrounded by phloem both within and without. At the right, a segment of the 
cylinder is passing off to a leaf as a leaf tract, causing a temporary break, or leaf 
gap, in the cylinder. Wood black, phloem dotted. 

ring of vascular tissue. A short distance beyond the departure 
of the trace this gap ordinarily closes. Leaf gaps, quite absent 
in Lycopsida and Sphenopsida, invariably occur in the ferns and 
their relatives and are evidently related to the large size of the 
leaves. The bundle or bundles pass up the petiole and are 
broken into very fine strands in the blade, just as in the higher 
plants. The structure of the blade itself is much like that of 
the flowering plants. 

Spore-bearing Organs.—The small sporangia are borne on 
the dorsal or lower leaf surface, usually in definite groups, or 
8ori (Fig. 352). The vegetative leaves are. usually the ones 
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which bear the sporangia and which thus are sporophylls. 
but sometimes, as in our common sensitive ferns and cinnamon 
ferns, the spore-bearing loaves arc not green and leaf-like but 
have become radically modified. They arc never arranged in 
cones, however. In most ferns each sorus is protected during 


Phfbcrn 


Xylcm 


Flo. 351,—Portion of the vo^cuhir cylitnlcr of Adxanium (shown in Fig. 350) 

much cnlargcdt ahomng churucter of the iiasucs. 

its development by a membrane, the indusium, which shrivels 
as the sporangia ripen. The sporangia in a sorus may all mature 
at the same time or, in the higher ferns, they may ripen pro¬ 
gressively so that all stages may be found in the same sorus. 
The sporangium varies considerably in shape in dilYcrent groups 
of ferns (Fig. 353), but in the commonest one it consists of a 
stalked and somewhat flattened case, Avith a wall a single cell 


Endodermi$ 


Endodermis 








Fio. 353 .—Fern sporanina of various typos. Tho ring of hcavy-wallod cells 
is the annulus, by the contraction of which the wall of tho sporangium is ruptured 
at maturity and ita spores scattered. {From Strasburoer.) 



Fio. 364.—Throe germinated fern spores from which young prothallia are 

{From D. Johanaen.) 


developing. 
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layer in thickness. Around the edge is a belt or ring of cells, 
the annulus, in which the cells are thick-wailed next the sporan¬ 
gium and thin-walled on the outer edge. Ten.sions set uj> as 
the sporangium dries cause the annulu.s to straighten out. 
tearing the sporangium wall between the thin-walled lip alls 
and exposing the mass of spores. On further drying, the annulus 
may snaj) back to its original position and hurl out the spores 
attached to it as from a catapult. 



I-’io. 355.--Tho K:iinon>pliyto of u torn. Viow of t»jo utidc-r mrfiirc. whirli lii-a 
riojct tho aurfuro of tlio Krouiul. lloro arc borno the orchogonia (near t)u* iiotth) 
ufid tho ontheruliu (furtlior back, uiiioiifc tho rliizoidv). 


In the commoner ferns, the spores ftcrminute (Fig. 354) into a 
thin, small, thallus-like garaetophyte, or profhallus (Fig. 355), 
which possesses chlorophyll and is oft-c;i somewhat heart-shaped 
in outline, though its form varies considerably. It is rarely 
more than a few millimeters in diameter and lies flat upon the 
surface of the soil, to which it is attached by delicate rhizoids 
growdiig from the under surface. Plentiful moisture and a 
partially shaded situation are necessary for the successful groudh 
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of fern prothallia. The sexual organs (Fig. 356) are produced 
on the under surface, the archegonia near the “notch” (where 
this is present), and the antheridia farther back, among the 



Fio. 356.—Sexual orcaiis of a fern. A. section of nrchcROiiiuin just befoie 
maturity. Within can be distingui.shed the largo egg cell, below wluch are the 
ventral canal cell and two neck canal cells. In D. the archegonium is mature and 
its neck has opened. The egg and ventral canal cells are evident, but the neck 
canal cells have broken <lown. C, section of antheridium. showing basal cell (1). 
ring cell (2). and cap cell (3). D, one of the sperms, more highly enlarged. 




Fig. 367.—Stages in development of archegonium of a fern. In lower row i.s 
shown the disintegration of neck canal and ventral canal cells and, at right, the 
mature archegonium ready for fertilisarion. {After A. IF. Haitpl.) 


rhizoids. The archegonia are small, and only their necks 
project above the surrounding tissue. They appear when the 
prothallus is fully grown and considerably after the antheridia 
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have liberated their sperms. At maturity the neck of the 
archegonium opens, and the neck canal cells break do\\'n, pro¬ 
ducing a substance attractive to the sperms (Fig. 357). The 
anthcridium is also ver>' small and simple. Its wall consists 
of but three cells—a cover cell, a circular cell which forms the 
main wall, and a funnel-slxape<l basal cell. The contents of the 
antheridium divide into a large 
number of sperms, each possess¬ 
ing a tuft of cilia by which it 
can swim about in a thin film of 
water (Fig. 35G, D). A sperm 
enters an archcgoniuni and there 
effects fertilization, after which 
the fertilized egg, by repeated cell 
divisions, forms a mass of tissue 
which gradually becomes differ¬ 
entiated into the body of the 
young sporoph>dc. A foot at¬ 
taches it to the gani(?tophyte, 
from which it absorbs food in its 
early growth. A primary root 
soon grows doNNHward into the 
soil, and a primary leaf, much 
smaller and simpler in shape than 
the mature leaf, rises into the sun¬ 
light, and the young sporophyte 
becomes independent (Fig. 358). 

The gametophyte soon withers, 
and the sporeling fern slowly 
develops into an adult plant 
and bears sporangia. The life _ „ 

cycle of a fern is represented fern, wluch hoA developed from q 

graphically in Fig. 359. This fertiUted ong. growing out of its 
,1 • «« ^ parent gQinotophy to. 

f;encral dcHcnption applies to 

our more familiar ferns, which belong to the less primitive groups. 
The Filicincac as a whole show a good deal of diversity, however, 
and the distinguishing features of each of the three main orders 
are described below. 

Ophiogloasales (Fig. 300).—Here belong the adder’s-tongue 
ferns (Ophtogloaaum) and the moonworts iBotrychiurn), from our 
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flora, and another genus from the eastern tropics. The stem is a 
short upright rhizome bearing a single leaf in each gromng 
season which in some species is markedly fern-like but in others 
much reduced. A stalked fertile segment of this leaf is spe¬ 
cialized as a spike of large and thick-walled sporangia, which 
are eusporangiate in development. In one genus a cambium 
produces a weak ring of secondary wood, and the pits are often 







Fio. 369.—Grnpluc reprcsontnlioii of the life history of a torn. 1, tho fern 
plant or sporophyto, bearing son, or clusters of sporangia, on its loaves; 2, a 
sporan^um; 3, a tetrad of young spores; 4, the four mature spores which have 
come from tho tetrad shown in 3; 5, a spore germinating into a young gameto- 
phyte; 6, mature gamotophyte, bearing sexual organs; 7, archegonium; 7a, 
antheridium; 8, egg cell, or female gamete; 8a, sperm, or mate gamete; 9, fertilised 
ogg; 10, young sporophyto growing out of a fertilised egg, tho whole still attached 
to the remains of the gamotophyte. 


round in outline rather than scalariform. Gametophytes are 
subterranean, fleshy, and long-lived and always contain a 
mycorrhizal fungus. The young embryo develops slowly. In 
a number of respects the Ophioglossales resemble the lycopods 
and by some authorities are placed in a group distinct from 
the ferns. They are apparently the most primitive of living 
Pteropsida. 

Maraitiales .—These are stout tropical plants with rhizomes 
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or short aerial trunks some of which resemble tree ferns. The 
vascular system is all primary but very complex. Sporangia 
are large and thick-walled and occur on the dorsal leaf surface 
as in higher ferns, but are cusporangiate in their development. 
They are arranged in sori, but often partially fuse into groups 
or synayigia. No indusium is present. 

The gametophyte.s are green and thallus-like and live on the 
surface of the ground, thus resembling those of higher ferns. 



tio. .'JOO.— Ophiof/lo»»altM. .4, Ophiofjtotaum liubit; li, Ophioylonum fertile 

Kpiko; C, Botryehium loaf. (FramO. M. Smith.) 


but are relatively large, stout, and long-lived, and contain 
mycorrliizal fungi. Anthcridia may bo borne on both surfaces 
but archegonia on the lower only. 

Filicaies .—Here belong the great majority of ferns. Their 
general characteristics are those described for ferns as a whole 
earlier in this chapter. The Filicales are distinguished from the 
other two orders by their possession of thin-walled sporangia 
which are leptosporangiate in development, each arising from a 
single surface cell. The various families differ greatly in both 


I 
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vegetative and reproductive traits, but the characters chieflj 
usad in distinguishing them are those relating to the sorus and 
the sporangium. 

Three families stand out as more primitive than the rest: 

The Osmvindaceae, or royal ferns, several species of which 
are common with us, have large sporangia in clusters, but not 
true soli, on specialized fertile leaves or leaflets and uithout 
indusia. A single group of cells on the side of the si^oraugium 
forms the annulus. I'lie stem has a cylinder of characteristic 
horseshoe-shaped bundles around a pith and with little or no 
internal pliloein, and the small leaf traces leave narrow gaps 
in this ring. 

The Gleichcniaccae, a tropical family, have leaves with the 
remarkable property of continued growth by apical meristems 
and thus become long straggling, branching structures. Sporan¬ 
gia are in compact sori ^^^thout indusium, and the annulus is a 
complete ring of cells encircling the sporangium. Most stems 
have a solid core of vascular tissue, or protostele. 

The Schizaeaceae, to which our “climbing fern,” Lygodium, 
belongs, have forking leaves wliich continue to grow and often 
resemble climbing stems. Sporangia are borne on fertile por¬ 
tions of the leaf and are not grouped in sori. An apical cap of 
thickened cells forms the annulus. Indusia are absent. 

These three families have a number of primitive characters, 
such as the absence of true sori, but they seem not to be closely 
related to each other. 

Two other families, probably not very closely related, are 
distinct from all other ferns in being heterosporous. Both 
are also aquatic and together are often called the “water ferns.” 
In the Marsilcaceae the stem is a rhizome rooting under water 
in the mud and sending up leaves which, in the most familiar 
genus, Marsilea (Fig. 361), much resemble those of a four-leaf 
clover. On the petiole is borne a stalked, bean-shaped, thick- 
walled body, the sporocarp, in which are contained a group of 
sori, each surrounded with a delicate indusium and each con¬ 
taining both megasporangia and microsporangia. When ripe, 
the sporocarp opens and the sori are carried out on a gelatinous 
ring. The game^ophytes are greatly reduced, the male somewhat 
resembling that of Selaginella and the female having the arche- 
gonia produced in a small mass of tissue pushed out from the 
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ruptured mcgaspore. The Marsileaceae are thought to have 
come from t>"pes like the Scliizacaceae. 

The other water ferns, the Salviniaceae, are much reduced 
floating aquatics, \nth two genera. Sah'inia and Azolla. In 



Fio. 301.— MartUea. Habit of plant. Tho 5iM>rocar|>5 Krowing out of the 
btuo of tho poUoto contain microsporongia and uiogoaporaitgio. (From A. J. 
Fames.) 


Salvtnia, all sporocarps are externally alike but some bear only 
megasporangia and others only microsporangia. In Azolla, 
the two types of sporocarps are different externally. The gameto- 
phytes of tho Salviniaceae are reduced and much like those of 
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the Marsileaccae. Although both these families are hetero- 
si>orou8, it seems unlikely that either represents a stock from 
wliich the heterosporous, seed-bearing Pteropsida might have 
sprung. 

Another remarkable family are the Hymcnophyllaccae, or 
filmy fern.s, restricted in their distribution to warm, humid 
regions, esjjecially in the Southern Hemisphere. They are small 
plants with slender stems and extremely delicate leaves wiiich in 
structure resemble those of mosses more than of vascular plants. 
The sori arc protected by a cup-shaped or tubular indusium on 
the margin of the leaf, and the sporangia have a complete but 
oblique annulus. The simple structure of these ferns is clearly 
not primitive but the result of evolutionary reduction. 

The large.st of the ferns belong to the tree ferns, or Cyathaceae, 
a tropical and subtropical family with over 400 species. The 
trunk may reach a heiglit of 50 feet or more but the bulk of it is 
not stem but a matted mass of roots and old leaf bases. The 
vascular system is typically a complex series of concentric 
cylinders. There is no cambium, so that the trunks of these 
ferns arc quite dilTerent from those of true trees. Leaves are 
very large but typically fern-like and form a crown at the tip 
of the trunk. Sori are borne on vegetative leaves and protected 
by a curious cup-shaped indusium. The sporangia have a 
complete annulus. 

By far the largest of all fern families is the great group Poly- 
podiaccae, widely dispersed throughout the w'orld and con¬ 
stituting almost the entire fern population of the north temperate 
zone. Their characters have been described as those of the 
“typical” ferns. This family represents the highest level of 
evolutionary development in the ferns. Its members are very 
diverse and probably have no common ancestor but are descended 
from several different ancient stocks. 

Fossil Ferns.—Plants with fern-like foliage occur abundantly 
as fossils all through the latter part of the Paleozoic era, but it 
is now known that many of these were not ferns at all but primi¬ 
tive seed plants. A considerable number of undoubted ferns, 
however, have been found from the Middle Devonian onward, 
most of them quite distinct from the ferns of today. They 
had erect stems and fem-Uke foliage, but the vasexUar system 
was a protostele, usually not a simple one but star-shaped or 
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H-shapccl in cross section. These plants seem all to have been 
homosporous and eusporangiatc. Such Paleozoic ferns may be 
grouped together as the Primofiliccs. Whether among them 
are to be found the ancestors of any of our li\'ing ferns is not 
clear, though they bear certain resemblances to the Ophio- 
glossales and to the Marattiales. From the beginning of the 
Mesozoic the fossil ferns are much less abundant but the>' are 
clearly related to modern types. 

Ferns are so different from the other main groups (,ly(‘npotis and 
horsetails) that for a long time there seemed to be no indication 
of a relationship between the two. Recently, however, evidenct* 
has appeared from a study of fossil ferns that the characteristic 
large fern leaf is not comparable to those of other vascular plant.s 
but is actually a branch. Among fossils of primitive ferns 
have been found various intermediate stages between typical 
modern leaves, which arc flat and divide in a single plane, and 
structures which branch in several planes and arc hardly to be 
distinguished from leafy branches. These, in turn, seem to go 
back to some of the Psilophytales in which the ends of the 
branches are enlarged and flattened. Thus, the fern leaf appears 
to have arisen by a gradual flattening out of a branch bearing 
small leaves and a fusion of these into a broad blade. This 
external difference between the fern “leaf” and the lycopod 
“leaf” explains the chief anatomical difference between the two 
groups, for the vascular bundle of the small lycopod leaf causes 
no gap in the vascular ring, whereas the larger bundle of the 
fern branch-leaf, like that of any branch, cau.ses a complete 
break or gap. The history of the fern leaf also cxplain.s the 
possession of a large number of sporangia instead of one, and the 
much-cut and “compound” character of the leaf blade. AVith 
this new interpretation of the leaf of the Pteropsida it is now 
possible to regard all three groups of vascular plants as having a 
common ancestral type which has evolved in three dilTerent 
directions. It seems probable that the development of these 
broad sheets of photosynthetic tissue is what gave the Pteropsida 
the advantage wliich made possible their great success and the 
dominance of modern members of the group in the vegetation of 
today. 

Economic Importance of Ferns. —Ferns are extensively cul¬ 
tivated both out of doors and in greenhouses for their attractive 
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foliage and thus have much importance in horticulture. Few 
are useful othe^^^■ise, though the stout and starch-filled rhizome 
of the bracken was an important food source in parts of Polynesia 
and the young shoots of many of our own ferns are edible. 
The so-called “male fern,” a north-temperate species of Dry- 
opieris, is the source of a drug long used as a vermifuge. 

QUESTIONS FOR THOUGHT AND DISCUSSION 

877. What reasons can you suggest for the fact that ferns are now 
.so much more abundant than club mosses or horsetails? 

878. What evidence is there from living forms that the leaf has 
evolved from what was originall}' a branch? 

879. How does the tiieory that the fern leaf is a branch explain the 
“much-cut and compound character of the blade” in these plants? 

880. Are common ferns annuals or perennials? Explain. 

881. Wiich do you think is more primitive among vascular plants, 
thin-w’ulled sporangia or thick-walled ones? Explain. 

882. Of what advantage to the fern plant is the indusium? 

883. Of what advantage is it to the fern plant to have the archegonia 
and the antheridia, when on the same gametophyte, mature at different 
times? 

884. Why are there no tree ferns in temperate climates? 

886. Why does not the trunk of a tree fern make good lumber? 

886. To what, in a bryophyte, docs the fern plant correspond? To 
what docs the prothallus correspond? 

887. Sometimes a young fern plant develops from a gametophyte by 
vegetative budding, without any sexual fusion. How many chromo¬ 
somes (as compared with the n, or haploid number, for the species) would 
you expect such a fern plant to have? 

888. Sometimes a prothallus is developed as a vegetative outgrowth 
from a fern leaf. How many chromosomes would you expect a fern 
sporophyte to have which developed (through fertilization) from such a 
prothallus? 

889. In what particulars do the Ophioglossales resemble the ferns? 
In what do they resemble the lycopods? 

890. Why is it unlikely that the “water ferns” are the ancestors of the 
seed-bearing vascular plants? 
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THE GYMNOSPERMAE 

The success of the fern-Hke type of vascular i>lants, in com¬ 
parison \^^th the lycopods and horsetails, is shown not only 
in the survival of a substantial group of ferns Imt in the fact 
that from ancestors of this sort evolved the highfu* vascular plants 
which are the dominant part of the earth’s vegetation today. 
These more advanced membei*s of the Ptcropsida differ from the 
ferns in a number of respects, notably the presence of secondary 
(eainbial) growd-h and reproduction by seeds. Both these traits 
evolved independently several times in other groups of vascular 
plants (now extinct), and neither can therefore be used as a 
primary distinction for a group jjossessing it today. Tlie setting 
apart of the higher, seed-bearing Ptcropsida as “seed plants,” 
or Spermatophyta, common in botanical classification, is t hereforc 
open to some objection, since these arc merely one of a number of 
evolutionary series in which seeds have appeared. 

The Origin of the Seed Habit.—Reproduction by seeds is 
nevertheless the chief distinction between the higher Ptcropsida 
(gymnosperms and angiosperms) and the ferns, and is generally 
regarded as the most important factor in their success, 'Ihc 
e.sscntial feature in the seed habit, as has been pointed out, 
is the i>artial development of the yoiing (sporophyte) plant 
\vithin the tissues of the mother sporophyte as an embryo, and its 
release, well provided wth stored food and protected by a coat, 
in a 8ced. Such a structure cridently has a much greater chance 
of surviving and producing a new plant than has a spore. 

The seed habit has eWdently evolved by a further specialization 
of the heterosporous condition such as occurs in a number of 
lower vascular plants (as Sclaginclla, Isoelcs, and the water ferns) 
today, where microspores and megaspores, borne in separate 
sporangia and on separate sporophylls, germinate into male 
and female gametophytes, respectively. In the seed-bearing 
Pteropsida the microspores are now called pollen grains and 
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produce a much-reduced male gametophjd-e. It is in the history 
of the female gametophyte, however, that the most notable 
change has occurred, for the megaspores* are now no longer 
discharged from the plant producing them. The megasporan¬ 
gium (now called the nucellus) never opens, and the single 
megaspore germinates within it into the female gametophyte, 
or embryo sac, in which archegonia are produced. Nucellus 
and embryo sac are protected by a covering, or integument, 
jind the whole structure—the potential seed—is known as an 
ovule. Since the female gametophyte is thus buried in a mass 
of tissue tlic male gametes cannot reach it directly, and a new 
structure, the pollen tube, has been evolved bj-^ which the contents 
of the pollen grain (reduced to little more than the male gametes) 
arc carried through t he nucellar tissue to the archegonium. After 
fertilization the egg develops into the embryo, the rest of the 
gametophyte tissue into the endosperm, the integument into 
the seed coat, and the mature seed is now ready to leave the 
parent plant. 

The essential advances made by gjTnnosperms over the lower 
Pteropsida are therefore (1) the retention of the megaspore wdthin 
the megasporangium and its germination there into the female 
gametophyte; (2) the inclosure of the sporangium and embryo sac 
by a new structure, the integument; (3) the transfer of the 
reduced male gametophyte directly to the vicinity of the female 
gametophyte, to which the male gametes obtain access by another 
new structure, the pollen tube; (4) the development of the young 
sporophyte in contact \vith and at the expense of the parent 
sporophyte; and (5) its final release, dormant, well supplied with 
food, and protected by a heavy coat. 

The more primitive seed-bearing Pteropsida all have their 
seeds freely exposed to the outside and are thus called Gymno- 
sperms. Before discussing the manner in which they have 
evolved from fern-like ancestors it ^vill be helpful to describe in 
somewhat fuller detail the life history of a typical and familiar 
gymnosperm, the pine. 

Life History of the Pine.—The pine tree, like the fern plant, 
is a sporophyte, but it produces two kinds of spores. These 

* In these plants the actual sizes of microsporea and megaspores seem 
in most cases not to be very different, and these terms, taken over from lower 
plants where a size difference does exist, are therefore rather inappropriate. 
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develop in cones {strphili), which are the forerunners of the 
t^T^ical flowers of the angiosperms. The staminate {micro- 
sporangiatc, or “male”) cones (Fig. 3G2) are small, short-lived 
structures appearing near the tips of the branches. Such a cone 
consists of a series of spirally arranged niicrosporophyUs, scale¬ 
like structures on the back or lower surface of each of which are 
two rnicrosporangia, or pollen sacs (Fig. 303). The sporangi\un 
wall consists of several cell layers, the innermost of which is a 
nutritive tapetum. The contents of each sac becomes (li\i(led 
into a large number of microspore mother cells, each of Nvhich 



(like all other spore mother cells) forms a tetrad of spores. 
These four microsporcs are pollen grains. The wall of each 
consists of two layers, an inner {inline) and an outer {exine). 
In the pine (unlike most plants) the coats are separated in two 
regions, and balloon-likc outgro\>'ths arc there formed which 
aid in dispersal by the wind. Enormous amounts of pollen are 
produced. 

Before liberation, however, the microspore begins to develop 
into the very much reduced male gametophyte (Fig. 303, D). 
The spore nucleus first divides twice, two of the resulting nuclei 
quickly degenerating. These are believed to represent the last 
vestiges of the vegetative tissues of the gametophyte and arc 
thus sometimes called the prothallial cells. The remaining 
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nucleus di\'ides into a generative cell, around which a wall forms, 
and a tube mwlexis, free in the remaining cj'toplasm. In this 
stage the pollen grains are liberated by the breaking doTVTi of the 
sporangium wall and are blo\\'n about by the wnd. If one is 
deposited on the nucellus of an o\'ule it bursts or germinates, 
sending out a delicate pollen tube which bores its way into the 



Fi( 3. 303.— Development of tho male cametophyto iu a gymnosperm (pine). 
A, lonptudinal section (dingrainmatic) of a staininato or **]nalo** cone. D, one 
of the sporophylls from A. much enlarged. Tho sporangium is filled vAth micro^ 
spores or pollen in various stages of dovolopinont. C, section across tho sporo- 
phyll at right angles to that in D, showing the two sporangia that are borne on 
each sporophylh Z), a inaturo pollen grain. Tho outer wall (in tho case of pine 
pollon) is puffed out somewhat at t>vo points, forming balloon-liko wings** 
that add to tlio buoyancy of tho grain. The stnglo nucleus of the microspore 
has now divided to form tho generative cell lying next the wall and the tube 
nucleus in tho center of tho coll. E, a germinating pollon grain. Tho tube 
nucleus follows closo behind tho end of the growing tube. Tho generative coll 
has divided into a stalk cell (lighter) and a body coll (darker). F« the end of tho 
pollen tubo just boforo fertilisation. The body coll has developed into the 
two male cells or gametes, which havo now come down the tubo and are ready to 
cftoct fertilization. 

nucellar tissue. Near the end of the tube and apparently con¬ 
trolling its development moves the tubo nucleus. The genera¬ 
tive cell has meanwhile divided into a stalk cell and a body cell 
(Fig. 363, E), the latter perhaps representing the remains of an 
antheridium. The body cell passes down the pollen tube and 
on its way divides into two male gametes^ or sperm nuclei, which 
are not motile. The tube ultimately reaches an archegonium 
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into which its contents are dis¬ 
charged, and one of the gam¬ 
etes unites with an egg nucleus 
to effect fertilization. 

The megasporos are also 
produced in cones, but these 
are larger and longer-live<l 
(Figs. 3G4 and 3G5)'. Fach 
cone scale, or mcgasporophyll. 
is thought to be a reduced 
branch growing in the axil of 
a sterile bract. On the upper 
surface of the scale are two 
o\’\ilcs. Kach is surrounded 
by an integument except at 
one point, tlic inicroprjlc, fac- * 
ing the base of the scale. The bulk of the ovule consists of the 
nucellus, or megasporangium (Fig. 3GG). Within this is diffci- 

entiaterl a single megaspore mother c<*ll which 
div'idcs into a row of four megaspores. Thre(> 
of these degeru’rate, but tin* foui’th germi¬ 
nates and liegins to divide ra]»idl>’ into a 
large mass of cells, the female gametophyte. 
At the tip of tills, toward the mici’opyle, are 
developed several archegonia. 'I’lie egg cells 
arc large, but the necks are poorly developeil 
and do not protrude. Tlie female gameto¬ 
phyte, now mature, is known as the embryo 
sac (Fig. 300, D). In most jiiiies, fertiliza¬ 
tion does not take place until about a year 
after the pollen has been deposited on the 
nucellus, and two years or more elapse bi*- 
tween the appearance of the young ovulate 
cone and the lievelopmont of ripe seed. In 
some gymnosperms, however, the whole proc¬ 
ess is accomplished in a single season. 

Chromosome reduction takes place (as nor¬ 
mally in vascular plants) in one of the divisions 
just preceding the formation of spores from 
spore mother cells, so that the cells of the 



Fio. 306.—Long] 
tudiual 8«ctlon (dia 
grurumatic) of th 
ovulato or “fomolo 
cono of piDo. At 
tacbed to tbo baao o 
oach scale is seen bj 
ovule, its mJeropyl 
polotiog inward. 



1'Hj. .10-1.—Ovxilatc or ‘‘fomalo” coiiea 

of tlic pitic. 
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Fiq. 30G.—Dovciopmont of tho female gametophyte and seed in a gymnosperm 
(pine). longitudinal sections through tho base of tho cono scalo. young 
ovule, consisting of an integument (1) and a megasporangium or nuceUus (2), 
tvithin whicli is a row of four megaspores that have developed from a mega-* 
spore mother coIK throe of tho megospores have aborted, tho fourth is onlarg** 
ing. C, tho megaspore has germinated into a young gametophyte or embryo aao 
(3), which now consists of a layer of free nuclei surrounding a large vacuole* D, 
the young sac has dcvolopod into tho mature female gametophyte (3), tho bulk of 
wliich consists of endosopnn* At one end arc two archegonia (4) within each of 
which is an egg cell* Pollen grains have entered tho micropyle and alighted on 
tho tip of the nuccllus. £, fertilisation. Two pollen grains have germinated, 
sent their tubes down through tho nucollus, and discharged their contents into the 
two archegonia, in each of which one of tho male nuclei is fusing with the egg 
nucleus (5)* F, from the feriilisod eggs havo grown two young embryos (0), one 
larger than the other, wdiich havo boon pushed down into the middle of the endo* 
sperm* mature* seed. The integument of tho ovule has developed into the 
seed coat, tho micropyle has closed, the endosperm has become greatly enlarged, 
tho nuccllus has almost disappeared, and the embryo has grown to its full sise* 
The smaller embryo in F failed to develop* (Tliis seed will now detach itself 
from tho cone scalo and under favorable conditions will produce a new plant.) 

much-reduced male gametophyte and of the embryo sac all have 
the half, or haploid, number of chromosomes. One of the male 
gametes unites with the egg nucleus (Fig. 367), and the double 
chromosome number is restored, the fertilized egg (as always) 
forming the first cell of the sporophyte generation. This cell 
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dhndes into a small group of cells, the proembryo, some of which. 

the suspensors, greatly elongate and push a group of rapidly 

dividing cells far into the gamctophytic tissue (Tig. 368). This 

group develops into the embryo (Fig. 369), wliich in the pine 

has a number of cotyledons. The gameto- ^ 

phytic tissue becomes filled \ntli starch and 

con.stitutes the endosperm. The cone en- 

large.s, the integument hardens into the seed 

coat, and the pine seed is now ready to be 

liberated (Fig. 366, G). 

The Earliest Gymnosperms.—The earliest 
seed-bearing Pterop sida were evidently 
very fern-like in their ai^pearance. Indeed, 
many of the fo.ssils of the coal period which 
were formerly thought to bo ferns from their 
foliage arc now known to have been g>”m- 
no.sperms, since the remains of well-developed 
seeds hav'c been found attached to their 
leaves. These remarkable plants, which arc 
so clearly intermediate between ferns and 
typical gj^mnosperms, are known as the cycad 
ferns, or Cycadofilicales. These first appear 
in the upper Devonian and were abundant 

all through the Carboniferous, but are never Fio. 307.—rcrtiii- 

found in later periods. They were very Arcr,oao"iJ'm'°lMo 
various in habit, some resembling tree ferns which a i»oncn lubo 

but others being much more slender and tho*°maio 

probably climbing form.s. Their foliage was nuclei may bo 8ect» 
definitely fern-Iikc but the venation was often nucleus. '”Tho**otS 
of the primitive forking or dichotomous type, •‘‘ft behind in tho 
rarely present in living ferns. The stems show cytoplasm, wnii die. 

well-developed fern-like primary wood, but in many cases second¬ 
ary wood is also present. This was usually formed by a cambium 
surrounding the whole cylinder, as in modern seed plants, but 
in a few cases each of the rings of primary bundles was sur¬ 
rounded by a cambium so that secondary wood was formed 
toward the inside as well as toward the outside of the stem. 


^11 


Fig. 307.—FcrtiH. 
sntion in a conifer. 
ArciioKonium into 
which a |K>ncn tube 
has just on t orcd . 
Otio of the male 
nuclei may bo seen 
unitinj; with tho OKg 
nucleus. Tho other, 
loft behind in tho 
cytoplasm, will die. 


Secondary wood in itself, long thought to be a distinctive feature 
of seed-bearing types, evidently is not, since it has made its 
appearance in all the great groups of vascular plants. 

The seeds of the Cycadofilicales were varied and remarkable 
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structures (Fig. 370'). They were borne at the edges of ordinary’ 
loavo.‘< or of specially modified ones, and consisted of a mega- 



Fig. 3C8.—Longitudinal section through ovule of conifer {Podocarput) ia which 
a growing embryo is being pushed down, by elongation of suspensors, into the 
endosperm from the position of the archegonia at the tip. Shown also arc the 
sporophyll (almost surrounding the ovule); the single integument; the micro* 
pylc; the nucellus with its pointed tip opposite the micropyle; and the embryo 
sue with remains of two archegonia. {From T. BuchhoU,) 

sporangium surrounded by a loose integument. Microsporangia, 
also borne at the edges of leaves, have been found in a few cases. 
In none of these seeds have embryos been seen. Such sporangia. 
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leaves, and stems were rarely prcsor\'ed together, and there are 
only a few cases where it has been possible to reconstruct an 



Fio. 309.—Stases In dovolopmont of embryo of 6r. Bose of archogomu. 
above, item which long susponsora (#) are pushing young embryo («) "“<> 

■perm. A, oldest singe, showing group of young cotyledons. (After J. i. 

BuchhoU.) 

entire species, but enough is known of the group to establish 
the fact that it was a large and much-diversified one. From 
somewhere among these ancient fern-like seed plants cvidentlj 
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Fia. 370.—Scot ion of riucropylar end of a seed of one of the eycad ferns, m, 
micropyle; pc, pollen chamber; p, pollen grain. {From F, D. Reed,) 



Fio. 371*—One of the Cycadales (Zatnta ^orufona)* 1, female plant* 2| 
ovulate cone* 3» cross section of ovulate cone* 4, longitudinal section of ovulate 
cone scale with ovules attached* 5« leafleti showing dichotomous venation* 
(From WieUind,) 
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were evolved the higher g>'mnosperms, which have now lost 
most of their resemblance to the lower Pteropbidu. 

Important among these later types, though repr<‘sented onlv 
by fossil forms, are the Cor<hiitules. 'rhese wer«* ittther tall 
trees with large, strap-shape<l leaves. In their wi<lo pith and 
the internal structuie of theii- lea\’es the.'^e plants suggest tin* 
cycad.s, but the character of 
the plant body and the fact 
that both microsporangia ami 
nu'gasporangia were not borne 
on vegetative leaves but in 
cones suggest the conifei>-. 

The Cordaitales persiste<l into 
the Permian, but it is doubt¬ 
ful whetlier thev are anecstial 

% 

to tlic conifers of todav. 

% 

Cycads (Cycadales).— 

Among living plants there is 
agroup of g.vmnosperms which 
are obviouslN' primitive and 
bear some resemblance to ferns 
but which have a<lvanced con- 
siderabh’ bevonrl the cvca<l- 
fern level. These are the 
cycads. Tluirstems are typi¬ 
cally stout and unbranched 
and bear at the top a crown 
of large, pinnate, and some¬ 
what fem-likc leaves (Fig. 

371). A few' species have tall, 
columnar trunks and thus su- 
pcrficially resemble t ree fern.s 
or palms. Internally, the 

stem possesses a large pith and cortex, but its w’ootly tissue i.^i 
rather w'eakly developed, although the fibrovascular system 
often is complicated by the occurrence of several concentric rings 
of bundles instead of a single ring. 

The male and female sexual structures occur on separate plants, 
and the sporophylls are borne in terminal cones (Fig. 372). In 
the genus Cycas, the o\mlate sporophylls (female cone scales) 
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are large and lobed, 6ho^^•ing a slight resemblance to foliage 
leaves, and bear o\iiles along their edges (Fig. 373, A). In the 
other members of the order the cones are more compact, and the 
sporophylls, or cone scales, have lost their leaf-like character. 
Racli microsporophyll (Fig. 373, B) bears many sporangia, or 
anthers, and produces a large amount of pollen. The ovules are 
generally large and thick-walled, and the megaspore, arising as 
one of four potentially spore-producing cells in the middle of the 
nucellus, develops into a large embryo sac. At the tip of the 
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Fia. 373.— Cycas. At left, sporophyll from ovulate cone, showing several 
ovules attached to its side. One seed has developed. At right, sporophyll from 
rttaminntc cone, shoeing numerous pollen sacs or microsporangia. (From 
Stra^burocr^ after Sach^ and Richard.) 

nucellus, just under the micropyle, a large, liquid-filled pollen 
chamber forms. The pollen grain enters this chamber through 
the micropyle and there germinates. Its two male cells are each 
pro\’ided ^\'ith a spiral band of cilia (Fig. 374) and sndm about in 
the liquid, a remarkable persistence of the motile habit in male 
gametes which has survived through the ferns and the bryo- 
phy tes from their remote algal ancestry. A pollen tube is formed 
and penetrates the adjacent nucellar tissue, but it seems rather 
to absorb food than to assist in the transference of the male cells, 
for the pollen chamber gradually enlarges itself until it reaches 
the embryo sac, where one of the sperms enters an archegonium 
and effects fertilization. 

There are nine genera and about a himdred species of cycads 
today and all are tropical or subtropical plants. They probably 
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existed in the Mesozoic, which is sometimes called the age of 
cycads, but most of the cycad-like plants so abundant then 
belonged to the closely related Bennettitales. 

Bennettitales.—These plants were common throughout most 
of the Mesozoic, when they occurred over much of the earth, 
though especially developed in North America. The plant 
bod>' resembled that of liHng cycads, some having stout trunk.s 
and others more tall and slender ones, and all crowned with 
cycad-like leaves. The cones were borne on small lateral shoots 



Kio. 374.—Cycud pollen tubcti entering an o\aile, shomng tho motile sperms. 

(Prom Chamberlain.) 

instead of at the stem tip, as among the cycads. The remark¬ 
able fact about these cones is that they contained both micro- 
sporophylls (“stamens") on the outside and megasporophylls 
within, the whole structure bearing a rather close resemblance 
to an angiosperm flower (Fig. 375). The microsporophyll.^ 
were much reduced and covered a compact receptacle in tho 
middle of the “ flower." Ai’ound the whole w’as a series of bracts, 
perhaps the forerunners of calyx and corolla. The seeds wero 
filled with an embryo having two cotyledons, and tlic endosperm 
was small in amount. 

Wliat the actual po.sition of the Bennettitales was in the 
history of the higher plants is still a matter for argument, but 
many botanists believe that from them the primitive angio- 
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sperms were evolved. The resemblance of the flower of mag¬ 
nolia and its allies to the cone of these ancient forms is close 
enough to make this conclusion plausible, but the vegetative 
bodies of tlw? two groups are very unlike. 

Ginkgo.—Distantly related to the cycads is the Japanese 
maidenhair tree, Ginkgo (Fig. 37G), usually placed in a separate 
order by itself. It resembles the cycads in the possession of a 


r 



Fig. 375. — llostnratioti of n “flower** of one of the Bonnottitf\)os {CycadeouUa 
inoens). The complex piniuite structures arc the mirrosporophylls or “stamens** 
and ill tho center is the ovulate cone bearing ovules and sterile scales. {From 
IVicland.) 

pollen chamber and of motile sperms but differs in its tree-like 
habit of growth and in the absence of typical cones. It is 
dioecious and bears fleshy-coatcd seeds on long stalks. Primary 
wood is inconspicuous in amount. The plant body is entirely 
similar to that of the higher gymnosperms and the wood is not 
unlike that of pine. The leaves are broad and bilobed, with 
dichotomous veining (Fig. 377). Ginkgo is the only living 
member of a group of plants which was abundant in the Mesozoic 
and inay even have extended back into the Paleozoic. It now 
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occurs rarely in the remote forests of western China but became 
familiar through China and Japan as a sacred tree planted 
in temple gardens. It has now been introduced ^\ith us as a 
commonly planted tree in cities where, remarkably enough, it 
is able to uathstand this unfavorable environment and to thrive 
better than most other species. 

Conifers (Conlferales).—These are familiar to everyone from 
their wide distribution in temperate zones and from the fact that 
they include many of the most important forest trees. The 
vegetative body difl’ers radically from that of the cycads, for it is 
usually a tree, with a straight trunk and spreading lateral 
branches which give a spire-like shape to the whole (Fig. 11). 
The leaves are typically small, evergreen scales or needles. The 
bulk of the stout woody stem is secondary wood, laid down by an 
active cambium. Its water-conducting cells all are tracheids, 
those produced in the spring being comparatively wide and thin- 
walled, and those produced in the summer much narrower and 
thicker-walled (Fig. 94). The general structure of the vascular 
tissues approaches rather closely to that of the angiosperms. 

As its name implies, the reproductive structures in this order 
are usually produced in cones. The life history of the pine, 
previously described, is typical for the group. 

Like cycads, the conifers are an ancient group and are promi¬ 
nent in fossil floras since Mesozoic times. Although they include 
only about 350 species today, they cannot well be called degen¬ 
erate, for in many parts of the forested regions of both the north 
and the south temperate zones they contribute to the vegetation 
many notable trees. Two families are recognized: in the 
Taxaceae, where the o\'ulate cones are much reduced, the single 
seed is partially surrounded by a fleshy coat, or aril. Here 
belong the yews and their relatives, chiefly in the Northern 
Hemi.sj)here, and the podocarps, important conifers of the 
Southern Hemisphere. The Pinaceae include otir familiar 
conifers, the pine, spruce, larch, fir, hemlock, sequoia, cedar, 
cypress, juniper, and othera, as well as the notable genera 
Araucaria and Agaihis (the kauri pine) of the Southern Hemi¬ 
sphere. They are divided into four families, largely on the 
character of the ovulate cone. 

Gnetales.—The most highly specialized order of the gymno- 
sperms are the Gnetales, a group in which have been placed 



THE GYMSOSPEItMAE 


640 


three widelj’’ different genera: Ephedra, a shrub of arid regions 
in both hemispheres and the source of ephedrine; GncUnn, a 
tropical climbing ^'inc; and Wclwitschia, a strange desert plant 
of western South Africa with two large, strap-shaped perennial 
leaves coming from a short stout axis. All these j)lants, t hough 
being truly g\'mnosperms in having exj)Osed .seed.-^, show an 
advance toward the angiospermous condition in the simple 
vcssel-s of their wood and in the markenl reduction of the female 
gametophj-te as compared ^^^th most g\'innosperms. Many 
botanists believe that through forms like the Gnetales the angio- 
sperms may have been evolved from the gyinnosperins. No 
fossil forms of this group are known. 

QUESTIONS FOR THOUGHT AND DISCUSSION 

891. Why have plants which reproduce by seeds rather timn those 
which reproduce by sjwres become the most successful part of the earth’s 
vegetation? 

892. The archegonium Ls very much reduced in the gametophyte of 
seed plants. Explain. 

893. With what structure in the ferns is comparable (1) the embryo 
sac of gymnosperms, (2) the pollen grain, (3) the ovule, (4) the 
nuccllus? 

894. Different terms arc used for the various structures in the plant’K 
life history among seed-bearing plants from those used among bryo- 
phjdes and ferns (“embryo sac” for female gametophyte, “anther ’ for 
microsporangium, and so on). What reason can you suggest for this 
difference? 

896. If the gametes of a certain gymnospermous species have twelve 
chromosomes each, how many chromosomes will there be in the cells 
of (1) the endosperm, (2) the nuccllus, (3) the embryo? 

896. What various resemblances arc there between cycads and ferns? 

897. In what rcspKJct is the relation of the conifers to the rest of the 
gymnosperms similar to that of the ferns to the rest of the lower vascular 
plants? 

898. What relation can you suggest between the characteristic wood 
structure of conifers (os compared with that of angiosperms) and the 
tough and scalo-like character of their leaves? 
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899. Staminate cones are much more numerous than ovulate cones on 
coniferous trees. Explain. 

900. In regions where there are large coniferous forests, “sulphur 
showers” sometimes occur in the spring. What explanation can you 
suggest for these? 

901. List as many groups of plants as you know of winch are repre¬ 
sented today by only a single genus; by only a single species. 

902. Do you think that the Gnetales are a “natural” group of plants? 
Explain. 



CHAPTER XXIV 
THE ANGIOSPERMAE 


Descended from gj'mnospermous stock but far more diverse, 
specialized, and successful are the angiosperms. With their 
1.50,000 species, their highly perfected and typically insect- 
pollinated flowers, their enormously diversified plant bodies, 
their successful invasion of all habitats, and their assumption of 
practically everj' mode of life exhibited by plants, the angio¬ 
sperms stand at the apex of the vegetable kingdom. They 
are a modern group and have arisen in comparatively recent 
geological time. Before the competition of this new, vigorous, 
and well-o<iuipped phalanx the ohler vascular plants have been 
swept aside, many of them to complete extinction, and the rest, 
with few exceptions, to comparative insignificance. It is only 
the thallophytes, ^^^th their specialization for aquatic, parasitic, 
and saprophytic habits of life, that can compare ^^^th angiosperms 
in number of species and individuals; and it should be remembered 
that were it not for these higher seed plants, practically all 
saprophytes and parasites would perish. The angiosperms arc of 
primary importance as food producers for animals and man. 

The advance from gjTnnosperms to angiosperms involves 
changes in both reproductive and vegetative structures. 

The trait which gives the group its name is the fact that the 
ovules (and seeds) are not directly exposed to the air on the open 
surface of a cone scale but are enclosed in a definite case, the 
ovary. This has probably been evolved by a folding together 
of the edges of a mcgasporophyll, or carpel. The enclosed posi¬ 
tion of the ovules prevents the direct access of pollen to them, 
and the pollen grains are now received on a special organ, the 
eli^nia, at the tip of the ovary. This is often carried up by a 
stalk, or style. 

The cone of the gymnosperms has evolved into the flower 
(Fig. 378). This typically consists of a series of microsporophylls 
(the stamens) and megasporophylls (the carpels, composing the 
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pistil), ^\^th which are usually present a corolla of petals and a 
calyx of sepals. This change seems to have been associated with 
the change from wind pollination, universally characteristic of 
g^'mnosperms, to insect pollination, which is characteristic of 
most angiosperms. 



Kio. 378.—The structure of the flower of a dictoylcdonous seed plant (dia- 
Krammatic). A, face view of the flower, showing its calyx of five sepals, its 
corolla of five petals, its ten stamens, and its pistil; B, longitudinal section, show¬ 
ing the relations between the parts. 1, receptacle; 2, calyx; 3, corolla; 4, stamen; 
5, pistil, with ovary cut lengthmsc. 

Vegetative Structures.—The vegetative body is much diver¬ 
sified. Plants range in size from the giant redwoods and eucalyp¬ 
tus to the tiny floating duckweeds, the organs of which are 
almost microscopic. Many of them are adapted to desert 
conditions and others thrive in fresh water or swamps. Only 
one enWronment have the angiosperms failed to master—the 
sea. Here live only a handful of their species. Most angio¬ 
sperms have chlorophyll but some, like the Indian pipes, are 
colorless saprophytes. A few, as the dodder, have become 
parasitic. Several families obtain their food in part from the 
bodies of insects which they catch. Many are epiphytes. 
Angiosperms include not only trees and smaller woody plants 
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(the only g^o^^i;h forms displayed by g:>*mnosperras), but they 
have developed a new type, the hcTh, which is particularly 
well adapted to temperate or semi-arid regions, since it is small 
and soft-stemmed, produces flowers and fruit after a very short, 
growing period, and can survive winter, dry seasons, and otlier 
unfavorable periods either underground or in the form of resistant 
seeds. In perennial herbs the underground j^arts suiwivc. and 
it is onl>' the upper portions which die !)aek; in biennial herbs th(‘ 
plant lives through two seasons, storing up food the first and 
flowering the second; and in annual herbs the plant l)ody lives 
through only one season and survives unfavorable con<litions in 
the form of a seed. Their entire life cycle may last only a 
few’ weeks. Herbs now are very rich in sjiecies and include the 
majority of food plants and man>' others of economic importance. 

Internally, the vascular system reaches in nngiosperins its 
highest degree of specialization. A cambium is w'ell developed in 
the W’oody members but is much reduced among herbs. The 
wood consists not only of those general-utility elements, the 
tracheids, but al.so of thick-w’alled fibers whose function is to 
furnish rigidity to the stem; and of wide, thin-walled duels, or 
vessels, by which large quantities of water can be conveyed 
rapidly through the wood. In the phloem, too, a new' element, 
the companion cell, intimately related to the sieve tube, makes 
its appearance. 

Reproduction (Fig. 379).—The increased complexity of the 
sporophyte of angiosperm.s is accompanied by a still greater 
reduction of the gametophytes. 

The Male Gametophyte (Fig. 380).—Microspores are produced 
in a microsporangium, now termed an anther sac (Fig. 381). 
The wall of this sac is usually provided with a group of thick- 
w’alled cells which serve to split it open w'heii the pollen is ripe. 
The inner w'all layer, next the spore-bearing tissue, consists, in 
the young anther, of richly food-laden lapetal cells. Microspores 
are produced in tetrads, and chromosome reduction occurs in the 
first division of the mother cell. 

The male gametophyte is reduced almost to the point of extinc¬ 
tion. The microspore nucleus divides, usually before the 
shedding of the pollen, into a tube nucleus and a generative 
nucleus, but these are not separated by a w’all. A pollen tube 
is formed, as in gymnosperms. As the generative cell passes 
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doun the tube (or sometimes even before the pollen is shed) 
it di\’ides into two male gametes. Thus, the gametophyte is 
reduced to three nuclei, only one of which is not a gamete. 



C 0 


Fio. 379.—The process of seed production in a flowering plant. Longitudinal 
diagrams of flower and fruit, the calyx and corolla solid black; the ovule, seed- 
coaU, and embryo dotted, and the ovary wall, stylo, and stigma lined. A. young 
bud, the stamens and the single ovule beginning to develop. bud ready to 
unfold. The embryo sac within the ovule is fully developed and the egg (below) 
and double endosperm nucleus (in center) arc ready for fertilisation. C, fully 
opened flower. The anthers have burst and pollination has taken place, pollen 
grains being transferred to the stigma. Two grains have germinated, and the 
pollen tube from one of them has penetrated the style, entered the ovary, passed 
through the micropylo of the ovule, and discharged its contents—the two male 
gametes—into the embryo sac. Double fertilisation is taking place, one male 
gamete uniting with the egg and the other with the endosperm nucleus. Z>, 
ripe fruit. Sepals, petals, and stamens have dropped off; the ovary wall has hard¬ 
ened into the pericarp; the micropylo has closed; the integuments have become 
seed coats; and the ovule has developed into the seed. The embryo in the center 
of the seed has grown from the fortilisod egg, and the endosperm surrounding it 
(shown in white) from the endosperm nucleus. 

Female Gametophyle (Figs. 382 and 383).—The early stages in 
the production of the female gametophyte are much as in gymno- 
sperms. The megasporangium, or ovule, has two integuments 
instead of one. Three of the four megaspores degenerate. The 
nucleus of the surviving spore divides into two, which move to 
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Flo. 3S0.—Devoloprucnt of tho mnic gamctophytc in an nnKios{>crm {Lactuca). 
A, loiifcitudinnl ftcction throunli youne anther, Hhon*in(t pollen mother cells. B, 
niicrosporcs (pollen grAins) in tetradw. C. mature pollen p^rains, shon-inK the 
tul>o nucloua and tho two male nanietes in each. {From Jonca and Roaa.) 



Fxo. 381.—Transverse section of a mature anther (microsporophyll) of lily 
after opening. Tho four microsporongia were at first distinct. Two groups of 
enlarged and thick-woUed may bo soen on either side, which functioned in 
rupturing the sporongial walls. A few pollen grains remain in tho anther. 
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Fio. 382.— Development of the female gametophyte and seed in a dicotyledon* 
ous angiosporin. Longitudinal sections through the o>nilo and seed. A, very 
young ovule, the two integuments (1 and 2) beginning to appear and the mega* 
Hporo mother cell cxidont wthin the nuccUus (3), B, the megosporo mother coll 
1ms produced a row of four tnegaspores. C, three megaspores have aborted, the 
fourth is enlarging. D, the megasporo nucleus has divided into two, which now 
lie at opposite ends of the young embryo sac (4). each nucleus has again 
divided into two. F, each of the four nuclei has again dixided into two, so that 
there are now two groups of four nuclei, one at each end of the embryo sac. 
(7, one nucleus from each group has migrated to the center, and the two are 
uniting to form the endosperm nucleus (0). The three left at the end of the sac 
next the micropylo hax'o formed the egg cell (5) and the two synorgid cells The 
throe at the opposite end hax*o formed the antipodal cells (7). The embryo sac is 
now fully developed and the egg is ready for fertilization. H, a pollen tube 
has entered the micropyle and discharged two male cells into the embryo sac. 
One of those (8) is uniting with the egg and the other (9) with the endosperm 
nucleus. /. the fertilized egg has grown into a small embryo (10) and the ferU- 
lizcd endosperm nucleus into a sac lined xvith nuclei (11). J, the mature seed. 
The integuments have hardened into seed coats» the micropyle is closed^ the 
nucellus has disappeared, the endosperm sac has become a mass of solid endo* 
aperm, packed with food, and the embryo has reached its full size. 
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opposite ends of the young embrj'o sac. Each then diWdes into 
two, and these into four, so that there are now eight nuclei in two 



Fio* 383.—Dovclopinc^nt of the embryo hiuI fertilization in the 
At moRMporo mother cell, which in Aituatod in the iniddlc of u very >*ounR ovule. 

B, the four 8pore» which develop from a mother cell. Throe of thoM^ doRuiicrute 
and disappear but the fourth, lurRcr than the others, in the functional niegii-sporo, 

C. tho oniarRcd mcRoaporc. in which the nucleus has now dix'ided into two. D, 
a stage slightly later than C. The two nuclei have migrated to oppo.'^ite ends of 
tho young embryo sac. B, a still later siago, with the embryo sac much incroiiscfl 
in sisc. A*, each of the tw*o nuclei has di\'idod into iw'o. G, each of tlieso four 
nuclei has again divided into two. producing eight nuclei in all. //, tho embryo 
sac. nearly mature. At tho upper end (away from the micropylo of the ovule) 
are throe antipodal cells. At the lower end (toward tho inicropylo) are the egg 
nucleus and the tw*o synergids. Tho two endosperm nuclei in tho middle have 
not yet fused. /, fertilization. One small male nucleus is about to unite with 
the endosperm nucleus (sttU double) and the other is about to fertilize tho egg. 
{From A. /. Weifutein.) 

groups. One from each group moves to the center of the sac, 
and these two polar nuclei there fuse. In the mature embryo 
sac, or female gametophyte, there are thus typically throe cells 
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at the end next the micropyle, of which one is the female gamete, 
or egg, and the other two are synergids, perhaps vestiges of an 
archegonium which has now disappeared; three antipodal cells 
at the opposite end, vestiges of the vegetative tissue of the 
gametophyte, now no longer functional; and a single nucleus, 
the endosperm yiucleus, in the center, arisen from a fusion of two. 
Unlike the condition in the gymnosperm embryo sac, cell walls 
are usually absent in this tissue. Synergids and antipodals 
soon degenerate. 

Fertilization and Embryo Formation (Figs. 382 and 383).—The 
ovule is now ready for fertilization. 

The pollen tube is much longer than in gymnosperms, for 
it must traverse the entire distance from the stigma down through 
the style to the ovary. This may sometimes be a foot or more, 
as in corn. The rate of pollen-tube grow’th varies greatly. The 
tube is nourished by the tissues of the style through which it 
passes, and seems to be directed to the ovule by a chemotropic 
stimulus. In most cases it enters the ovule by the micropyle, 
but in some forms it passes around through the base of the 
ovule. Among some of the higher types the tube may pass for 
most of its couree doNNH a cavity in the style. Into the embryo 
sac are discharged the two male gametes which have come down 
the pollen tube. One fertilizes the egg nucleus, as in gymno¬ 
sperms, and from this cell the embryo of the seed develops. The 
other fertilizes the endosperm nucleus, and from this cell, result¬ 
ing from the fusion of three nuclei, develops the endosperm of 
the seed. This phenomenon of double fertilization (or triple 
fusion) is a distinctive feature of reproduction in all an^osperms. 

The embryo develops much as in gymnosperms, being pushed 
dowm into the middle of the sac by a many-celled suspensor. The 
cotyledons are only one or two in number. 

The fertilized endosperm nucleus develops freely into a mass of 
nuclei which at first line the wall of the rapidly enlarging sac 
and then by inward growth develop a mass of cellular tissue which 
fills the young seed. An account of reproduction in the angio- 
sperms is given in an earlier chapter (p. 325). 

Orig^ of the Angiosperms.—^The origin of this now dominant 
plant group is unfortunately still unknown. Fossil evidence, 
so useful in clearing up similar problems in the other groups of 
vascular plants, has not been of great help here. The angio- 



THE ASGIOSPERMAE 


659 


sperms first appear as fossils in the Jurassic period, though they 
are not abundant until the next period, the Cretaceous. These 
early types, however, seem to be as highly differentiated as linng 
forms and include representatives of a number of rather special¬ 
ized families. It is quite e\ident tiuit the transitional forms 
between gymnosperms and angiosperms have not yet been found. 
This gap in the fossil record may be due to the fact tliat i)rimitive 
angiosperms grew in uplands or regions where fossilization was 
not likely to occur. The group as a whole is evidently of recent 
origin as compared with gymnosperms and has in all probability 
taken its rise since the end of the Paleozoic era. A stutly of 
liWng plants is hardly more satisfactory in suggesting the course 
of evolution. The Gnetales, a group of three jiljerrant genera 
which show’ certain angiosperm characters, suggest one possible 
ancestral type, and the remarkable flower-bearing fossil cycads, 
the Bcnnettitalcs, another. There are objections to both these 
alternatives, and it must be admitted that the most primitive 
angiosperm type, from w'hich a clue to the evolutionary history 
of the group might be derived, has disappeared. The origin 
of the angiosperms is still the engima of plant evolution. 

Dicotyledons and Monocotyledons (Fig. 384).—Angiosperms 
are divided into tw'o great groups which seem to have separated 
very early. The dicotyledons, as their name implies, have two 
cotyledons in the seed and are also distinguished by the netted 
venation of their leaves, the distribution of the vascular tissues in 
a tubular cylinder, and the production of floral parts in multiples 
of four or five. iVlonoeotylcdons, on the other hand, have a 
single cotyledon in the seed, parallel-veined leaves, vascular 
bundles irregularly scattered in the stem, and floral parts in 
multiples of three. The dicotyledons seem clearly the more 
ancient of the two from their closer resemblance, especially in 
vegetative structures, to the primitive gymnospermous'condition. 
There are over 100,000 species of dicotyledons and more than a 
third as many monocotyledons. 

Evolutionary Tendencies.—-It is impossible to give an account 
of the evolutionary history and interrelationships of such an 
immense group as the angiosperms, but certain main evolutionarj’ 
tendencies may be recognized and can be briefly stated. 

In the vegetative body there is a general tendency in many 
groups of dicotyledons toward the ev’olution of the softr^temmed. 
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short-lived herbaceous type, especially common in temperate 
regions. In some orders, however, this has never appeared. 
The primitive monocotyledons seem to have been herbs, as are 
all of them today except certain rather anomalous groups. 

In vascular anatomy there has been a change from the long, 
trachcid-like vc.^^sel element, wth tapering end walls and scalari- 
form perforations, through types with less tapering ends and 
porous perforations, to short, wide, scpiurc-endcd Wpes. Length 
of cells in vascular tissues has tended to decrease. 



A D E H 


Fio. 384.—Characteristics of a typical dicotyledonous plant (left). A, nottod- 
veined leaf; D, flower on the plan of five; two cotyledons in the seed; D, tho 
vascular cylinder of tho stem a solid ring. 'Chnrnctoristica of a typical mono* 
ootylodonous plant (right). E, pariilleUvoincd loaf; F, flower on tho plan of 
three; (?. single cotyledoii in tho seed; //, vascular bundles scattered in tho atom. 

The primitive flower seems to have been rather cone-like and 
symmetrical, ^^^th its parts arranged in a spiral fashion, indefinite 
in number, and showing no fusion between members of the same 
circle or between different circles. This has been modified in 
various directions in the evolution of more and more advanced 
types. 

The elongated receptacle and spiral arrangement of parts 
persists in only a few cases, notably in the magnolias and their 
allies, and has given way to an arrangement of parts in circles 
or whorls. 

There is a progressive tendency in the more specialized families 
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toward a reduced and definite number of floral parts. This is 
especially e\'ident in petals, sepals, and carpels, though in many 
groups even the stamens are thus stereotyped. 

Coalescence, or the fusion between members of the same circle, 
often occurs. This is i>articularly common in the pistil, where 
the fusion of carpels forms a compound ]>istil, and is least common 
in the stamens. 

Adnation, or the fusion between memlx?rs of difTerent circles, 
is also a sign of increasing specialization. The ovary, superior 
in the lower groups, is inferior in many of the higher ones. 

The primitive radially symmetrical llower has in many groups 
become strongly irregular with only bilateral symmetry, as 
in the various two-lipped types. Tliis is eWdcntly an adapUition 
to insect pollination. 

In a number of orders the flower may be much simplified, 
and certain organs reduced or absent. In such catkin-bearing 
t>^)es as the birche.s, for example, which were once regarded as 
simple and primitive, there is evidence that the present condition 
has arisen by reduction from an originally much more com¬ 
plicated one. 

These various tendencies do not all take place together, and 
some orders may be relatively ’j^rimitive in certain rcsi)ects 
and relatively specialized in othei's. Among the dicotyledons 
the degree of coalescence in the corollas has been used chiefly in 
separating the group into two main series, the Archichlamydcae, 
in which calyx and corolla arc cither very poorly developed or 
have their members entirely free from one another; and the 
Sympetalae, in which the petals are typically united into a 
gamopetalous corolla. 

ARCHICHLAMYDEAE 

To mention all the orders and families in such a huge group 
is impossible here, but below are listed the more important ones. 
Under each familj' arc mentioned some of tho.se plants which 
are most familiar or of particular economic importance. 

Amentiferae.—This group is now commonly divided into a 
number of subordinate orders, but in its larger sense it includes 
the oaks, beeches, chestnuts, hickories, walnuts, birches, alders, 
willows, poplars, and many others, all of them trees or shrubs 
and confined almost entirely to the Northern Hemisphere. 
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The perianth is scale-like or absent, the flowers dr>' and chaffy 
and arranged in a long, sometimes cone-like inflorescence, the 
ament or catkin (Fig. 194). The flowers are prevailingly wind- 
pollinated. These plants were long regarded as the most ancient 
of the dicotyledons but are now looked upon by many botanists 
as somewhat simplified and reduced forms. 

Salicaccac, 200 species. Willow and poplar. Trees and 
shrul)s, chiefly of cooler climates. Willows have long been 
used foi- basketry, and some of the poplars are important sources 
of wood i)ulp for paper making. 

Juglandaccac, 35 species. Hickory, butternut, and the 
walnuts. Sources of some of the most important nuts and of 
wood for furniture and gun stocks. 

Betulaccac, 70 species. Birch, alder, and hazel. Birch wood 
is used in the manufacture of many articles, and for fuel. 

Fagaceae, 400 species. Chestnut, beech, and oak. The most 
im]>ortant family of angiosperms for wood production. Also a 
source of nuts, cork, and tannin. 

Ranaies (Fig. 385).—This great and varied group contains 
the Buttercup,'Magnolia, Laurel, and Water-lily families and 
their allies, consisting of trees, shrubs, and herbs. Its flowers 
are pollinated by insects and ave primitive in the sense that their 
parts, particularly the stamens and carpels, are typically numer¬ 
ous and have not been .stereotyped in number and arrangement 
as is often the case among the higher orders. The Ranaies are 
regarded by many as the most ancient order of the dicotyledons 
and as the center of origin for many of the higher groups. 

Magnoliaccac, 75 species. Magnolia and tulip tree. Trees 
and shrubs of limited distribution in the Northern Hemisphere, 
but much more common in Tertiary times. The tulip tree 
provides the important timber called “yellow poplar.” 

Ranunculaceae, 1200 species. Buttercup, columbine, larkspur, 
clematis, peony, aconite, hellebore, and many others. Her¬ 
baceous plants of world-uide distribution, chiefly in temperate 
regions. Important in horticulture and as a source of several 
drugs. 

Lauraceae, 1000 species. Laurel, sassafras, camphor, cinna¬ 
mon, and avocado. Chiefly tropical trees and shrubs, and the 
source of many aromatic substances and a few fruits, notably 
the “alligator pear.” 
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Nymphacaceac, 100 species. Water lilies and Indian lotus 
Aquatic herbs of the tropics and temperate regions, T\-ith very 
showy flowers. 

Piperaceae, 1200 specie.^i. Tlie black peppers. Herbs and 
shrubs of the tropics and subtropics and the source of tlie pepper 
of (commerce and of ‘Mrctol’’ Icax'cs, coininouh- chewed 1)\' nativ(‘.'« 
of the East Indic>. 



385.—Ono of tho Huiialoj*. t it;. .'iSO.' - One of llu* Ho^alcM. 
Ilcpatira {Ilcpalica triloba), boionginK Chokcrhcrr>‘ {l^runuM riroiniana), bi'- 
to tlio Uaniinculacoao. lotiging to tlic family Uosaccao. 


Rosales (Fig. 380).—This huge order includes the Saxifrage, 
Ilo.Mc, and Legume familic.s and their allies, comprising trees, 
shrubs, and herbs. The flowers are for the most purl conspicuous 
and attractive and furnish a large number of ornamental plants. 
Many important fruits and vegetables also find their place here. 
Regularity and symmetry characterize the flowers of the lower 
members, but in the Legume family (Leguminosae) the corolla 
becomes markedly irregular, producing the buttcrfly-like, or 
papilionaceous, type. 

Rosaceae, 2000 species. Rose, strawberry', raspberry, black¬ 
berry, apple, pear, quince, peach, plum, cherry, and almond. 
Trees, shrubs, and herbs common in temperate regions of the 
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entire world. The source of some of our most important and 
familiar fruits, and of many ornamental plants. 

Saxifragaccac, 100 species. Saxifrage, hydrangea, currant, 
and gooseberry. Herbs and shrubs chiefly of the cooler regions. 
The source of important ornamental plants and of several fruits. 

Lcguviinosac, 6400 species. A large family including the 
bean, pea, clover, alfalfa, lentil, soybean, mung bean, \etch, 
peanut, acacia, locust, indigo, mcsciuite, and many less familiar 
plants, especially in the tropics. Trees, slu-ubs, and herbs found 
throughout the world. Very important economically as the 
source of many vegetables and other foods, stock feeds, drugs 
of all sorts, timbers, and ornamental plants. Legumes are 
particularly significant in agriculture as the only crop plants 
with which nitrogen-fixing bacteria are associated. 

Crossa/accac, 900 species. Sedum, scmpervi^'um, stonecrop, 
and many other succulent plants. Chiefly herbs of the warmer and 
dryer portion of the earth and producing many ornamental plants. 

Malvales.—'rhesc include a number of rather primitive families, 
typically with regular flowers, all parts hypogynous and the 
corolla of separate petals. The parts of the calyx and of the 
pistil often show coalescence and the stamens are frequently 
united bv their filaments. 

Malvaceae, 1000 species. Cotton, okra, hibiscus, and holly¬ 
hock. Herbs, shrubs, and trees, especially abundant in warmer 
regions. Cotton is the most important of textile fibers and the 
source of cottonseed oil. 

Tiliaccae, 375 species. The lindens. Trees and shrubs, 
chiefly of warmer regions, and important \nth us as ornamental 
trees and the source of an important light wood. 

Stcrculiaccac, 750 species. The cacao and other trees and 
shrubs of warmer regions. Economically impprtant as the 
source of cocoa and chocolate. 

Uhnaceae, 140 species. Elm and hackberry. Cliiefly trees of 
the north temperate zone. Elms are among the most important 
. and beautiful of shade trees and also yield a strong, tough wood. 

MoraccaCy 1000 species. Mulberry, breadfruit, fig, banyan, 
hemp, and hops. Trees, shrubs, and herbs, most of them 
tropical in distribution. Here belong many food plants. Mul¬ 
berry is the chief food of silkworms, and hemp yields a textile 
fiber and an important narcotic. 
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Urticaceae, 500 species. The nettles, stinging herbs, ^\^dely 
distributed. The most important economic product is the textile 
fiber ramie, or “Chine.-<e silk.” 

Geraniales.—Tliis is a large atul diversified ortler representing 
another line of ascent from the primitive Ranales. Greater 
fusion of parts in the pistil ami reduction in numbers of floral 
parts distinguish it from the Mahales. 

Geraniaccae, 050 species. Geranium and Pelargonium. Cliiefly 
herbs of the uortli temperate zone and the subtropics, notable 
as garden and house jjlants and for the production of an essential 
oil. 

hinaceaCy 150 species. Flax and its relatives. Herbs or 
slirubs of tomperate regions. Flax has been cultivated from 
earliest times as a fiber plant and is still very important as the 
source of linen and of lin.sce<l oil. 

Rutaceacy 1000 species. Citrus fruits of all kinds. Trees' 
and shrubs of warm temperate and tropical regions of both 
hemispheres, and now among the most important fruits of 
commerce. 

Euphorbiaccae, 4000 sjiccies. Rubber trees, manihot, cjistor 
bean, tung tree, poinsettia, crotons, and many othei's. An 
immense family of herbs, sliriibs, and trees most of them \\'ith 
milky juice, widely tiistributod but especially common in warmer 
regions. Here belong Ilcvca branihcnsis, now th<* chief source of 
plantation rubber; manihot, the source of cassava and tapioca; 
and many other important plants. 

Papaverales.—This large order probably represents another 
line of ascent from the Knnales, Alost are herbs, with regular 
perfect flowers, a syncarpous pistil, and parietal placentation. 

Papavcrarrac, 150 species. Foppy, bleeding heart, anti blood- 
root. Herbs of \ride distribution and witli milky juice. ^lost 
important is the opium poppy, long cultivated, and the source 
of several alkaloid drugs. 

Cruciferac, 1800 species. Mustard, cabbage, cauliflower, 
Brussels 8j>routs, broccoli, turnip, cres.s, radish, and many 
ornamental plants. Herbs, ^vidcly distributed but especially 
abundant in cooler regions. Notable for a wide variety of 
important vegetables, many of which have long been under 
cultivation. 

Coryophyllales.—^The pinks and their relatives, plants with 
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regular, hypogynous flowers and a one-celled ovaiy %\ith o\ailes 
borne on a basal placenta. 

Canjophijltaccac, 1200 species. Pinks and many other orna¬ 
mental plants. Herbs, chiefly from the north temperate zone. 

Chenopudiaceac, 1400 species. Beet, S^^nss chard, spinach, 
and various “salt bushes.” Widespread herbs, with especial 
abundance in saline localities. The sugar beet is second only 
to sugar cane as a source of sugar. Tliis same species includes 
the garden beet and the mangel. 

Polygonaccac, 800 species. Buckwheat, rhubarb, and dock. 
Herbs of wide distribution, and pro\'iding several important 
food plants. 

Myrtales.—Here the ovary is typically inferior and the pistil 
consists of fused carpels. The order probably evolved from 
plants resembling the Rosales. 

Myrtaccac. 3000 species. MjTtle, eucalyptus, and other 
woody plants from the tropics of both hemispheres. The 
important Australasian genus Eucalyptus is distinctive for its 
large number of species (600) and the height of some of its 
members which, save for the “big trees” of California, are the 
tallest in the world. Guava, cloves, and allspice are also pro¬ 
duced by members of tliis family. 

Rhizophoraccae, 50 • species. The mangroves. These are 
tropical and subtropical trees and slirubs chiefly confined to 
swampy places or the shores of the sea. Mangrove bark is 
an important source of tannin. 

Onagraceae, 470 species. Evening primrose, fuchsia, fireweed, 
and water chestnut. Chiefly herbs of the temperate regions 
of the Western Hemisphere. A number of important orna¬ 
mental plants belong here. The intensive study of Oenoth&ra 
Lamarckiana by deVries \yas the foundation of his mutation 
theory. 

Cactales.—Succulent, spiny plants of desert regions mth 
regular, epigjmous flowers and numerous stamens. 

Caciaceae, 1200 species. Cacti of many sorts, confined to 
the warm, dry portions of America. They are widely cultivated 
under glass and in desert gardens. 

Celastrales.—Woody plants or vines with simple leaves and 
regular flowers, the latter xisually provided with a glandular 
floral disk. 
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Ceias^roccac, 450 species. Bittersweet, cuonymus. Our mem¬ 
bers of the family are mostly shrubs and woody \'ine5 and used for 
ornament. 

VUaceae, 500 species. Grapes and their allies. Woody 
vines of wide distribution. The grape is an important fruit 
and the basis of the wine industry. Here also belong many 
ornamental climbers such as the Boston ivy anti the N'irginia 
creeper. 

Rhamnaccae, 5(K) species. Buckthorn, jujube. Woody plants 
from warm regions. Cascara and other drugs are products of 
this family, as is the jujube, a 
fruit long cultivated in China 
and now established in our 
southwest. 

Loranthaccae, 500 species. 

The mistletoes and their allies. 

Parasitic plants, mostly of the 
tropics. 

Sapindales.—An order re¬ 
lated to the Colastrales and 
presumably derived from them. 

Supindaceae, 1000 species. 

Horse chestnut, soapberry, 
litchi. Woody plants, chiefly 
of the troi)ics and subtropics. 

The hoi*se chestnut is uidelv 
planted in Kurope and America 
a.s a shade tree. I'he litchi 
is an important fruit both 
fresh and dried, grown chiefly 

in the eastern tropics and a delicacy to the Chinese. 

Acereuxae, 100 species. The maples. Trees and shrubs of 
the north temperate zone. They are an imi)ortant source of 
timber and sugar and among the most widely planted of orna¬ 
mental trees. 

Umbellales (Fig. 387).—^The ovary in the group is infeiior, the 
other floral parts being fused with it or borne upon it. The 
flowers are very small and arranged in compact, flat-topped 
compound umbels. The order marks the highest point of 
development among the Archichlamydcac. 



Fio. 387.—Ofio of the Untbollalo.s. 
Wild carrot (t>aucu9 carota)^ bolotigjn^ 
to the family Uinl>olliferao* 
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Araliaccac, 700 species. Ginseng, sarsaparilla, English ivy, 
and Hercules club. Trees, shrubs, and herbs, vddely distributed. 

Ginseng is used as a drug by the Chinese. 

Cornaceae, 100 species. The dogwoods. Trees and shrubs 
of the north temperate zone, several of which are planted as 
ornamentals, notably the flowering dogwood, Cornus florida. 

Umhellifcrae, 2500 species. Celery, parsley, parsnip, carrot, 
caraway, anise, fennel, dill, and othci'S. Herbs of wide dis¬ 
tribution in the temperate regions. Many have long been under 
cultivation and pro^■ide some of our most important vegetables 
and aromatics. 

SYMPETALAE 

The following orders are most important among the Sym- 
pctalac: 

Ericales.—These are the heaths and their allies, with regular 
sympetalous flowers, hypogynous stamens, and compound 
ovaries. 

Ericaceae, 1400 species. Rhododendron, Erica, Kalmia, Vac- 
cinium, and Gaylussacia. Shrubs, many of them evergreen, 
chiefly of cool climates. Here belong the heathers and many 
notable ornamental shrubs, and the blueberries, huckleberries, 
and cranberries. 

Ebenales.—Tliis order is close to the Ericales but the stamens 
are commonly epipetalous. 

Ebenaccae, 275 species. The pei*simmons. Trees and shrubs 
of warmer regions, the source of ebony and other hard and heavy 
woods, and of various fruits, notably the persimmon. 

Sapotaceae, COO species. Ac/iras, Palaquium, and other tropical 
trees. The former yields chicle, the basis of che%ving gum, and 
the latter, gutta percha. 

Primulales.—The primroses, chiefly herbs •with epipetalous 
stamens and a one-celled ovary formed by a fusion of several 
carpels. 

Primuldceae, 700 species. Primrose, cyclamen, and shooting 
star. Herbs, chiefly in north temperate regions. Many are 
important garden flowers. 

Gentianales.—Plants with regular, five-lobed corollas, five 
stamens, a two-chambered superior ovary, and opposite leaves, 

Gentianaceae, 750 species. The gentians. Herbs of wde 
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distribution but uncommon in the tropics. Many are cultivated 
for ornament and one is the source of the drug gentian root. 

Oleaccae, 500 species. Olive, ash, jasmine, lilac, forsythia, 
and privet. Trees and .shrubs, widely distributed. Many of its 
membei-s are important trees or ornamental shrubs, and the 

in the Mediterranean regions and 
California for it-s fruits and oil. 

Apocynaccae, 1100 species. Dogbane, oleander, and peri¬ 
winkle. Trees, shrubs, and herbs, chiefly from the tropics and 
all with milky juice. Our common dogbane w'as the source of 
an important fiber used by the Indians. The latex produced 
by this family has made some of its members a minor source of 
rubber. 

Asclepiadaceac, 1700 species. The milkw'eeds. Herbs or 
shrubs with milky juice, widely distributed, but not common in 
cool climates. The silky hairs on the seeds are used as material 
for filling. 

Tubiflorales.—The corollas in this order are conspicuous 
and prevailingly tubular and are regular in the lower families 
but extremely irregular in the higher ones. The order comprises 
not only many garden flowers but a number of such important 
crop plants as the potato and tobacco. 

Polcmoniaccae, 270 species. The phloxes and polemoniums. 
Herbs, mostly of the Western Hemisphere. Many are cultivated 
for ornament. 

Convolvulaccae, 1000 species. Morning-glorj”, sw'cet potato, 
and dodder. Herbaceou.s climbers of w'armer regions. The 
sweet potato is widely growm for its edible roots. The dodder, 
Ctiscuta, is parasitic on many plants. 

Solanaceac, 2000 species. Potato, tomato, pepper, eggplant, 
tobacco, petunia, nightshade, belladonna, Jimson weed, and 
many others. Chiefly herbs, of wide distribution in both 
hemispheres and especially common in w'arm climates. This is a 
very notable family, producing many valuable food plants and 
drugs. The potato is one of the chief sources of human food, 
especially in Europe. Most of the economically important 
plants in the family arc natives of the Western Hemisphere and 
were unknown in the Old World until a few centuries ago. 

Scrophidariaceae^ 3000 species. Foxglove, snapdragon, mul¬ 
lein, Pavlovmia, and others. Mostly herbs of temperate regions 
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but including a few tropical woody plants. Many are important 
garden flowers and the foxglove yields the drug digitalis. Paul- 
ownia, a native of China, has been introduced in this country 
as an ornamental tree. 

Verbenaceac, 1000 species. Verbena, lantana, teak. Chiefly 
herbs, but a few woody plants in south temperate and tropical 
lands. Many are ornamentals, but teak, grown in the eastern 
tropics, ijrovides a very important commercial timber. 

Labiatac, 3000 species. Mint, sage, thyme, lavender, rose¬ 
mary, basil, catnip, pennyroyal, 
and similar plants. Herbs, 
^\'idely distributed and from 
their aromatic character provid¬ 
ing many ethereal oils and fla¬ 
vorings. Some are drug plants 
and many are cultivated for 
ornament. 

Rubiales (Fig. 388).—Here 
are the Madder and Honey¬ 
suckle families, which are pre¬ 
vailingly trees and shrubs, 
although herbaceous species 
also occur among them. The 
flowers are most commonly on 
the plan of four and tend to be 
grouped in compact clusters. 

Rubiaceae, 4500 species. 
Madder, quinine, coffee, garde¬ 
nia, and many others. Chiefly 
tropical trees and shrubs. Qui¬ 
nine, of importance for the control of malaria, is derived from the 
bark of a species of Cinchonaj native to Peru, but the chief com¬ 
mercial supply has been from plantations in the East Indies. 
Coffee, native to tropical Africa and Asia, is now* mdely cul¬ 
tivated in Brazil. 

Caprifoliacede, 350 species. Honeysuckle, elder, viburnum, 
snowberry, and twinflower. Shrubs, low trees, and vines of the 
Northern Hemisphere, chiefly important as ornamentals. 

Cucurbitales.—A remarkable order without close relatives. 
Its plants are herbaceous vines and its flowers are monoecious 



Fio. 388.—One of the Rubinles. 
Buttonbudh {Cephalanthus occiden- 
lalx3)^ belonging to tho family Rubi* 
accae. 



THE ANGIOSPERMAE 


67i 


or dioecious three stamens and three to five carpels united 
into a compound, inferior ovary which develops into a fruit 
kno\\'n as a pepo. There is only one family. 

Cucurbitaccae, 800 species. Pumpkin, squash, melon, cucum¬ 
ber, citron, lulTa, and various gourds. Chiefly tropical and sub¬ 
tropical but a few types are widely culti\atcd in temperate 
regions and are important fruits, vegetables, and ornaments. 




Luffa, the sponge gourd, has .i^ni 
a fibrous core wliich is used 
for manj'' purposes. Alany of ' 
the important members of thi.s 
family are native to the West¬ 
ern Hemisphere. 

Asterales.—An order of one ^ 
huge family. Its flowers are ‘ 
arranged in heads each of which / ^ 
somewhat resembles a single lA 
flower, the flowers at the margin V 
of the head often being difTcrent 
from those in the center. The y 
calyx is greatly reduced and be- * 
comes a scale-like pappus, sur¬ 
mounting a single-seeded ovary. 

Compositae, 20,000 species 
(Fig. 389). Aster, goldenrod, 
marigold, dandelion, chicorj', 
dahlia, zinnia, calendula, this¬ 
tle, burdock, sunflower, rag¬ 
weed, lettuce, artichoke, 
edelweiss, sagebrush, and many 

Others. Chiefly herbs, the larg- ^ apocics of Bunflower iHeJianihu^) 

cst and most >vndely dispersed of bolonginK to tho fanuly CompoaiUo. 

^ ^ ^ . (From Mabel <7. L/iliU.) 

any family of flowering plants. 

Many are cultivated as ornamentals. Lettuce, artichoke, salsify, 
sunflower, endive, chicory, and tarragon are used for food. 
Many others, like wormwood and chamomile, yield drugs. Still 
others are bad weeds, notably Russian thistle and burdocks. 
Tho ragweeds and similar wind-pollinated composites are the 
worst of **hay-fever'* plants. Guayule and Russian dandelion 
are being explored as possible sources of native rubber. The 
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family is a remarkable one and marks the lughest point in the 
evolution of the dicotyledons. 

MONOCOTYLEDONS 

Among the important orders are the follo^^'ing: 

Alismales.—This includes a number of families which are 
e\’idently primitive and which show a certain resemblance to 
the Runales among the dicotyledons. The floral parts are 
separate and the ovary superior. Most of the order are aquatic 
and swamp plants. 

AlismaccaCy 60 species. Water plantain {Alisma) and arrow¬ 
head {Sagittaria). Aquatic or 
marsh herbs of wide distribution. 

Potamogetonaceae, 75 species. 
The pondweeds and eelgrass. 
Herbs of fresh or salt water, 
widely distributed. Zostera 
marina, the eelgrass, is one of 
the few angiosperms to live in 
the ocean and provides an im¬ 
portant food for birds. 

Typhaceae, 10 species. The 
cattails. Rank swamp herbs 
of wide distribution and wth 
much-reduced flowers in dense, 
terminal, cylindrical spikes. 

Pandanaceae, 400 species. 
The fecrew-pines. Tropical 
shrubs or trees, of some value 
as a source of fiber for native 
matting and basketry, 
grasses and the sedges. The 
small flowers lack a typical calyx and corolla, are protected by 
chaffy bracts, and are arranged in clusters. They are ^vind- 
pollinated, except for those cases where pollination is effected 
directly, without external agency. As in the Amentiferae, their 
simple condition may have come about through reduction. 

Cyperaceae, 3500 species (Fig. 390). Sedges in very great 
variety and abundant throughout the world. The Egyptian 
papyrus was made from a species of sedge, Cyperus papyrus, and 



Fio. 390.—One of tho Glumalos. A 
Bcdgc (Carex) belonging to the family 
Cyporocoao. 


Glumales.—These are tho 
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a few others have some importance, but this great family con¬ 
tains surprisingly few economic plants compared with its close 
relatives, the gra&ses. 

Gramincae, 5000 species. Bamboo, sugar cane, barley, oats, 
timothy, rice, millet, sorghum, maize, wheat, rye, and many 
others. Herbs (except bamboo) of wide distribution throughout 
the earth, and by far the most important family as a source of 
food plants. Here belong the important cereal grains—chief 
sources of food for man and for many domestic animals—as well 
as sugar cane, chief source of sugar. Grasses constitute the 
bulk of pasture plants and are thus important in the nutrition 
of cattle, sheep, and other animals. Some are used as fibers 
and some for ornament. 

Llliales.—These include the Lily, Amaryllis, and Iris families. 
Perennial herbs with well-developed bulbs or rootstocks. The 
species usually hav'e a conspicuous perianth and provide many 
beautiful garden flowers. 

Juiicaceae, 300 species. The rushes. Herbs \\ith chaffy 
flowers, of wide distribution in temperate regions, but with 
little ornamental or economic importance. 

Liliaceae, 2500 species. Idly, tulip, aloe, hyacinth, Easter 
lily, smilax, asparagus, onion, leek, New Zealand hemp, yucca, 
and many others. Mostly perennial herbs, widely distributed. 
Some of our loveliest garden flowers belong here as well as several 
vegetables, an important fiber, and many other useful plants. 

Amaryllidaceae, 800 species. Amaryllis, snowdrop, agave, 
and the various types of narcissus. Herbs of wide distribution 
but particularly abundant in South Africa and the Mediterranean 
region. Here belong many garden perennials and a few impor¬ 
tant fiber plants, notably sisal (from a species of Agave). 

Iridaceae, 1000 species. Iris, crocus, gladiolus. Widely 
distributed herbs, including some notable garden flowers. 
Species of this family yield saffron, orris root, and the alkaloid 
colchicine. 

Bromeliaceae, 1000 species. Pineapple and “Spanish moss.” 
Herbs of tropical America often epiphytic. The pineapple is an 
important fruit now 'widely cultivated in the tropics and exported 
all over the world. TilUindsia, the “Spanish moss,” is a curious 
lichen-like epiphyte on trees of the southeastern United States. 

Musaceae, 60 species. The bananas and their allies. Large 
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lierhs throughout the tropics. The banana, Musa sapicntum, 
is one of tlie most, widely used of tropical fruits. Another species 
of tliis genus yields the plantain, an important food plant of 
the tropics. The loaf bases of still another, i1/wsa textilis, are 
the source of Manila hemp, grown in the Philippine Islands. 

Palmales.—The palms arc a tropical tree-like family in which 
the columnar trunk is surmounted by a cluster of large leaves. 
The small flowers are borne in spikes and in some species are 



Fio, 391,—One of tho Palmales. The coconut palm (Cocoa nucifera)^ (Couricay 

of the New York Botanical Garden.) 

pollinated by the wind and in others by insects. The perianth 
is very simple. 

Palmaccac, 1200 species. The palms of many types. Trees 
and shrubs \\idely dispersed through the tropics and subtropics 
^\^th a few in warm temperate regions. The palms are an 
important economic family. The coconut palm (Fig. 391) 
alone fields food, fiber, and btiilding materials for natives of the 
South Seas, as well as copra and palm oil for export. Other 
products of the family include betel nut, rattan, sago, dates, 
oil, raffia, hat fibers, fans, and many more. 
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Arales (Fig. 392).—These arc the aroids, a family of large 
herbs particularly abundant in the tropics and represented here 
by only a few species. The leaves arc tyijically large and, uidike 
those of most monocotyledons, are netted-veined. The very 
simple flowei-s, almost devoid of a perianth, arc clustered on a 
fleshy spadix which is enveloped by a large and often brilliantly 
colored bract, the -spathr. 

Araccae, 1500 species. Monslcni, Colorasi'a, ami many other 
tropical forms, and n*ith us, jack-in-the-pulpit, skunk cabbage. 



Fiu. 392.—Ono of the Araloa. The skunk cnhhaKe /oeiuius) 

bcloriginfi to the foinily Arucouc. 

sweet flag, and calla. Many, like the calla, are ornamental 
plants. Taros and dasheens, the underground stems of Colocasia 
csculenUi, are very important foods in the tropics. ^ 

Lemnaceae, 25 species. The duckweeds, Lcmna and Woljjia. 
Tiny floating aquatic herbs, the smallest of seed plants. Flowers 
almost microscopic. Duckweeds often form a green.mat on 
the surface of quiet water. Widely distributed. 

Orchidales (Fig. 393).—The orchids are notable for the 
extreme irregularity and great beauty of their flowers and their 
remarkable specializations for insect pollination. They are 
particularly abundant and brUliant in the tropics, whence they 
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have been introduced into the greenhouses of cooler climates 
as the most highly prized of exotics. 

Orchidaccac, 15,000 species. Orchids in enormous variety. 
Herbs of wide distribution throughout the world. In the 
tropics, manj' are epiphytic. The chief importance of these 
plants is as ornaments, but the pods of one of them, VaniUa^ 
yield the flavoring material of that name. 



Fjq. 393. Ono of tho Orchidalcs. A species of lady’s-slipper (CyjTripe- 
dium) belonging to tho family Orchidacoae. (Prom Mabd O. 

With the development of the Composite and Orchid families 
the plant kingdom reached the climax of its evolution. 

QUESTIONS FOR THOUGHT AIH> DISCUSSION 

903. Angiosperms are sometimes called “flowering plants.” Why is 
this not a very satisfactory name? 

904. Angiosperms are relatively abundant as fresh-water species, but 
there are very few in the ocean. Explain. 

906. What^ advantages have angiosperms over gymnosperms which 
should have made them more successful and richer in species? 
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906. Is the endosperm of angiosperms garaetophytic or sporoph^-tic 
tissue? Explain. 

907. If the gametes of a certain angiospormous species have twelve 
chromosomes, how many chromosomes will there be iti the cells of 
(I) the endosperm, (2) the integuments, (3) the antipodal cells? 

908. Give an example of cultivated plant which is an annual herb; 
a biennial herb; a perennial herb; a shrub; a tree. 

909. \\nuch of these five plant types is of most importance in agri¬ 
culture? Explain. 

910. Why is there a larger pro|>ortion of herbaceous .species in the 
flora of a temperate region than in the flora of a tropical one? 

911. Angiosperms, and especially herbaceous angios|)erms, have 
apparently evolvetl much faster an<l given rise to many more new species 
than have either ferns or gymnosperms in a similar length of time. 
Explain. 

912. What evidence can j'ou suggest for the conclu.sion that dicotyle¬ 
donous plants are more ancient than monocotylodonous ones? 

« 

913. What evidence can you suggest for the conclusion that families- 
in which the flowers arc irregular arc more recent in evolutionary origin 
than families with regular flowers? 

914. What evidence can you suggest for the conclusion that u flower 
with a large and indefinite number of floral parts, all free from one 
another, is more ancient in type than one in which the nuniber of parts 
is smaller and more constant and where they are more or loss united with 
one another? 

916. In what respect may stamens and cari>cls l>e called “sexual 
organs”? In what respect is it incorrect to cull them such? 

916. Why are the composite and orchid fumilie.s regarded as con¬ 
stituting the highest points reached in the evolution of the plant 
kingdom? 

917. What primitive characters are there in the Amentiferue? 

918. What group of monocotyledons arc not herbs? 

919. What is the practical use of having a definite system of classify¬ 
ing planto into species, genera, families, and other groups? 



CHAPTER XXV 
BOTANY AND THE FUTURE 


Even a brief survey such as that set forth in the pages of the 
present book makes clear that botany touches human life closely 
and in many ways. It is concerned wdth far more than its 
ancient province, the naming and the classification of plants, a 
field to wliich uninformed opinion too often limits it today. 

Botanj'’ indeed may claim in some respects to be the most 
important of the sciences, for on it rests the material basis of 
our civilization. Plants are the fundamentally synthetic 
organisms and hold, so to speak, the basic patents for the produc¬ 
tion of those organic substances which are of primary importance 
for the existence of man and of all living things. Foods of all 
sorts—carbohydrates, proteins, vitamins—all come from plants. 
Many industrial products have the same source. The signifi¬ 
cance of plants for medicine, as well, has recently been empha¬ 
sized by the discovery of penicillin, streptomycin, and other 
antibiotic substances. Most of the energy which powers our 
mechanized civilization has its source in the plant life of the 
past. 

These practical contributions of plants to the life of man are 
more spectacular but not greater in ultimate significance than 
the ones which they are making to theoretical science. Plants 
are the simplest of living things and many of the fundamental 
problems of biology can best be studied in them, since proto¬ 
plasmic activity, uncomplicated by the elaborate organization 
found in animal bodies, can be observed here most directly and 
in its simplest form. Much of the progress in our knowledge of 
genetics, metabolism, morphogenesis, antibiosis, and other active 
fields of biological inquiry has been made by students of plants. 

These notable advances which botany has made in the last 
few decades and which have gained it such significance for the 
life of man will not come to an end now. Science is man’s 
adventure with the universe. Its progress is unceasing. There 
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are no more uncharted continents or seas to challenge the explorer, 
but the discoverers and pioneers today are the scientists, who 
are continually pushing out across the long frontier which 
separates the knowledge that we now possess from tlie vast 
unexplored domain about which we know nothing. Here are 
to be made discov'orics as notable as those of Columbus or of 
Captain Cook. Plant science is an important part of this great 
adventure and its explorers will bring back treasures of which 
earlier adventurers never dreamed. Where, we may ask, are 
these discoveries most likely to be made and how will they affect 
the life of man? 

First, it is clear that the great advances in physics, chemistry, 
and tcchnolog 3 ' have placed in the hands of botanists and, indeed, 
of all biologists an array of new’ techniques and instruments 
for the investigation of li\ing things. Researches in nuclear 
physics, which have had such remarkable results in the release 
of atomic cncrg>', have extended the number of isotopes of 
chemical elements important in protoplasmic actixity. Such 
isotopes are simply different types of atoms of an clement 
which, because of the radiations they give off for a time or b>’ 
virtue of their mass, can be recognized by appropriate instru¬ 
ments. They arc of great usefulness in enabling investigators 
to “tag” certain atoms and thus to trace the course of a given 
substance through the body of a plant or even to recognize th<‘ 
sources from w’hich particular parts of new' compounds have been 
derived. In this way the constant building up and breaking 
down of living material can be investigated more exactly than 
by any other means. The possibilities of the isotope technique 
are almost incalculable. 

The tools of physics are useful in other ways. X rays, neu¬ 
trons, and ultraviolet radiation can be used to alter the structure 
of protoplasm and thus to change the character of organisms. 
X-ray photographs of living material and of its products, such 
03 cellulose, have added much to our knowledge of the minute 
structure of plants and animals. Opportunities for the electron 
microscope in this field arc great (Fig. 39-1). It has already bwn 
widely employed in the study of viruses and although its use with 
living material is beset with serious difficulties (material under 
the electron microscope must be dry and in a vacuum^ it should 
ultimately contribute much information concerning the minute 
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structural organization of cell components. The grou-th of 
plant tissues or organs in ai'liHcial culture where the nutrient 
material is completely hnown chemically, a technique of recent 
development, offers a valuable means of determining the nutri¬ 
tional requirements of plants or their parts and of studying their 
grow'th and development. Biochemical technitiues of many 
kinds enable investigators to determine with far more a<'euracy 
than could formerly be done the chemical composition of such 
minute structures as the chromosomes. Imjiroved instruments— 
microdissectors, quartz lenses, ultraccntrifuges, micropotentiom- 
cters, and many more—are of great value for a more accurate 
determination of the character and activities of living plants 
and animals. 

These techniques and tools wiW be used for the investigation of 
many problems. In just what sectors of the botanical frontier 
exploration \vi\\ be most active cannot be prc<licted with cer¬ 
tainty, but there arc a number of fields in which research will 
surely be vigorously conducted in the next few decades. 

The physical structure and chemical composititm of protoplasm 
is one of these. Its deceptively simjdc a])pearunce has baflled 
workers in the past, but the use of new metiiods should make it 
possible to learn much more about this remarkable stuff of 
which we all arc made. With new staining techniques, fluores¬ 
cence microscopy, and other less direct methods such as enzyme 
digestion experiments, ultracentrifugation, and separations with 
the Tiselius apparatus, many important discoveries, otherwise 
impossible, are being made about the architecture of protoplasm. 
A better knowledge of protein chemistry will tell us much con¬ 
cerning chromo-somes and reduplication of chemical patterns 
in the nucleus. By spectrographic means the biochemist can 
determine the amount and distribution within the cell of the 
nucleic acids and other constituents, now known to be so impor¬ 
tant in vital processes. Perhaps the greatest discoveries in the 
biochemistry of proteins lie just ahead. 

The activities which go on in living material present even more 
important problems. We can determine what cntei's a cell 
and what goes out of it, but the metabolic changes which take 
place within are difficult to observe. One of the most important 
of these, the process of respiration, is slowly yielding to analysis. 
It turns out to be an extraordinarily complex process in which 
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various cnzj’rne systems are involved and where certain of the 
\'itamins are essential factors in "lubricating the reactions." 
By the use of "tagged" atoms, enzyme inhibitors, and genetically 
blocked reactions in mutant organisms, it should be possible to 
widen greatly our knowledge of metabolism and thus to get at the 
processes of life at their very source. This \\ill certainly continue 
to be an active sector in the years ahead. 

Photosynthesis, a process peculiar to plants, is of such great 
practical significance to man through its role in the production 
of food and raw materials that it has been the center of active 
research in recent years. Much has been learned here, but still 
more remains to be discovered, particularly of the precise chemi¬ 
cal changes involved. A study of types of photosynthesis in 
purple and green bacteria has \ndened our understanding of the 
problem. So also have the studies on carbon dioxide absorption 
by nongreeii organisms. Whether in the near future it will be 
possible to imitate the process of photosynthesis readily in the 
laboratory seemt! doubtful, but the whole question is attracting 
so much attention today that he is a rash prophet who would set a 
limit to the possible advances here. 

Much light is being thrown on a number of physiological 
problems by the study of antibiotics, those compounds which 
kill organisms, particularly minute ones, or affect them harm¬ 
fully (Pig- 303). Penicillin is only one of many such substances 
now known. An analj'^sis of the mechanisms by which these 
naturally-produced compounds and other synthetics such as the 
sulpha drugs exert their harmful effects is pro\dding a new means 
of penetrating into the ultimate details of protoplasmic activity. 

The mineral nutrition of plants, thought to be fairly well 
understood years ago, has become an active field follo^nng the 
discoverj’’ that minute quantities of a number of chemical ele¬ 
ments are essential for the life of many plants. Here again we 
are concerned ^vith the intimate details of protoplasmic activity. 
The effective quantity of these elements is similar to that of 
vitamins and enzymes, since only a tiny amount is necessary to 
influence vital processes profoundly. 

All these diverse methods of attack on the mechanisms of 
protoplasmic activity have proved fruitful and will be vigorously 
continued by investigators equipped with better tools and keen 
vision. The results of their efforts vvill be worth watching. 
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Problems of gro^'th and development are e<iually exciting. 
The growth of an organism, in the last analysis, consists in an 
increase in the amount of its protoplasm. This means that 
complex and highly specific prot-oin moleculc.s mu.st in some way 
be able to multiply themselves. The j>roblom is seen most 
clearly in the multiplication of genes. These genes, presumably 
largo molecules, arc arranged in a thread along the axis of the 
chromosome. When a chromosome splits by mitosis, each 
daughter chromosome is precisely like the one from which it 
came, indicating that each gene must have doubled before it 
split. How this is brought about presents a complex eliemicjil 
problem, but one which must be solved before we can undorstaml 
the ultimate basis of growth and repro<luetion. 

An c\'en more diHieult question concerns the mechanisms by 
which the genes actually control the development of particular 
characteristics in the organism. A hopeful beginning has been 
made on this ])rob]em through the study of certain simple fungi 
(notably the mohl, Neurospora) where the precise chemical 
changes caused by particular gene mutations can be determined. 
The role of each gene in the scries of chemical steps by which 
development proceeds can thus be found. This biochemical 
attack on developmental genetics is being actively pressed and 
extended to other organisms where it should soon be even more 
fruitful. 

This is only one aspect of the larger problem as to how develop¬ 
ment is so organized that bodies of ])rceisc form and structure 
are developed. If there is an '^ultimate” problem in biologj', 
this is it. Little hope may be held out for its solution in the 
near future but it is being actively studied and important 
advances here are being made. Because of the simplicity of their 
structure, plants offer particularly good material for such studies. 
Their great regenerative ability by which, for example, a single 
vegetative cell may sometimes be induced to form an entire new 
plant, is one means by which the process can be investigated. 
The profound changes in development produced by auxin and 
various synthetic grow'th substances also offer hopeful ways of 
attacking developmental problems.' The new techniques of 
tissue and organ culture make it possible to isolate very small 
plant embryos consisting of only a few cells and to grow them 
to maturity under controlled conditions, thus learning much 
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about their development (Figs. 395 and 396). The production 
of chimeras by colchicine and in other ways enables the investi¬ 
gator to compare the effects of cell layers of different genetic 



i ui. DilTercntiation in tissue culture. At left, a hit of tobacco callus 

tissue that has been grounng on nutrient agar for 20 weeks and has produce*! 
nothing but an amorphous mass of cells. At right, a similar culture grown on 
agar for 10 weeks aiu! then for 10 weeks immersed in a liquid contairung the same 
nutrients. Here leaves and steins are <leveloping. Slightly enlarged. Compare 
rvith I'ig. 110. {Courtesy of Philip R. While.) 



Fiu. 300.—Hoot culture in nutrient medium. Part of a Ipmato root that had 
been growing in culture for 371 days. This piece has grown in 16 days from a 
small bit transferred from an older culture. {Courtesy of Philip R. White.) 


constitution when they are combined in the same individual. 
Colchicine also provides a means for producing new types of 
plants and for making sterile hybrids fertile. An analysis of the 
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electrical correlates of developmental processes, as measured by 
the micropotentiometer, may open a new road towanl the goal. 
Detailed descriptive analyses in terms of relative growth rat-e, 
cell size, cell shape, and other features are still necessarv and 
provide valuable clues. This whole field certainly will bo most 
actively cultivated. 

The old j)rol)lem of evolution, thought by some to have been 
settled long ago, has become opened again and promise.s active 
progress in the years to come. Whence life arose i.s st ill unknown, 
but a knowledge of the viruses, those remarkable structures 
which arc intermediate in many ways l)etween molecules and 
organisms, offers a means of studying this ])roblem. Genetics 
in company with c\’tology has now developed to a point whore 
it can provide answei’s to some of the cpiestions as to the mecha¬ 
nism of evolution whicli had long been far from clear. \'arious 
methods are being developed to this end. Cjdogenetic analyses 
are useful. Other experimental techni(pics allow comparisons 
to be made between plants genetically identical when grown 
under different en\nronmcntal conditions. ICxtcnsive collections 
of ^\^ld plants in nature and a study of their cytological and 
genetic differences actually luring the process of evolution into 
the laljoratory. ^lathcmatieul analysis of the genetics of i)opu- 
lations has produced many useful results. All this has had a 
stimulating effect on the science of taxonomy, which is now far 
more than a cataloguing of plants and touches many biological 
fields. These older disciplines will be still further vitalized by 
new methods and ideas. 

Much real progress has been made in the construction of the 
phylogenetic history of plant groups. I’aleobofanists arc still 
making discoveries of note and students of plant distribution are 
investigating several new and stimulating theories such as that 
of the ‘^sliding” continents, which \\'iU receive critical testing in 
the coming decades. Of interest are the discoveries made by 
analyses of pollen deposits in bogs and lake bottoms which should 
yield still more information about changes in plant distribution 
during recent geological time. ^luch remains to Ixj done in the 
long-continued task of gaining knowledge of the plant life of the 
world, especially in the lesscr-knowTi regions like the Amazon 
and Central Asia. Even the microfiora in oiu* back vards 
needs more exploration. 
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These are some of the fields in which active botanical research 
is going on and where the important discoveries of the next decades 
will probably be made. In what new ways, we now may ask, 

will the plant sciences be of use to man? 

.\griculture is the chief means by which botanical kno\\lcdge 
comes to practical application. Better crop plants will undoubt¬ 
edly be developed and will increase crop yields as hybrid corn so 
notably has done (Fig. 228). New species of many sorts will be 

—- 


I' iu. 31)7.—Hydroponics beds on aoiUos:^ Ascension Island. (Courtesy of U» -S* 

Army Air Force.) 

brought un^ler cultivation especially in the tropics, not only for 
food but for the production of fibers, drugs, and woods. More 
efficient methods of groNNing plants will result from a better under¬ 
standing of nutrition. Thus “tank” culture or hydroponics may 
prove useful under certain conditions as it already has in war¬ 
time in regions lacking soil (Figs. 397 and 398). Vernalization, 
if we are to believe its enthusiastic proponents, offei'S hope of 
making improvement in certain crop plants, especially for north¬ 
ern latitudes ndth short growing seasons, wthout recourse to 
laborious breeding experiments. 
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Other cliemical treatments of various sorts for wliich the last 
decade has been so notable \\ill certainly become even more 
important in horticulture and in agriculture genorallw Among 
other useful services, such treatments have been found to stimu¬ 
late root grow'th, to produce seeill<-ss fruits, tt) pre\enl the shed¬ 
ding of leaves and the fall of fruits, to force buds to grow out or 
hold them dmanant, to bring plants to flower or keep them iikmcIx 
vegetative, to kill weeds selectively, and to aec(>nij)li>-h oilier 


308. -PIhiiIs KrriwnK in rinrli^r^ wiitciril \\ii\% nutrient »ohitionH. On 
1:^1 uimI. .V cluBor view of in Mk. 397. ((*curitay of N. 

Army Air Foroi,) 

useful c;nds. This subject still is in its infancy. In the ycjirs 
to <aime, the simple and ancient manipulations of agriculture 
will l>e enorm(jusly reinfor(red by these new teclinitiuos through 
which plant grow'th can he brought much more directlj' under 
man's control. 

But the use of plants in the service of man w'ill go beyond the 
types of agriculture and forestry which are familiar today. Hosts 
of products—fibers and plastics of all kinds, rubber, wood prod¬ 
ucts, drugs, and many more—are now' made by the skill of indus- 
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trial chemists and no longer are synthesized exclusively by plants. 
Rubber can be made in a factory as well as by a plantation of 
rubber trees. Artificial fibers like rayon now serve many pur¬ 
poses for which vegetable fibers used to be employed. Tbiamin, 
ribofla\'in, ascorbic acid, and some of the other \’itamins can now 
be made synthetically. In this age of chemistry we shall doubt¬ 
less depend more and more on these artificial syntheses for our 
industrial products and less upon specific plants to furnish them. 
It is important to remember, however, that for these syntheses 
the chemist must have some simple organic compound like sugar 
or starch or cellulose or substances derived from these. These 
compounds cannot yet be made in the laboratory nor does it 
seem likely that they ever will be, at least on a commercial scale, 
and for them we must therefore depend entirely upon plants. 
This fact in time ^\'ill alter much of our agricultural practice, for 
instead of growing particular crops to yield specific products we 
shall more and more seek crops which produce maximum amounts 
of some basic raw material like sugar or cellulose. We need not 
limit ourselves to one part of the plant—the kernels of maize for 
example—but can utilize the whole for various purposes. This 
emphasis on high yield rather than specific products will put a 
premium on regions \^'ith abundant rainfall and long growing 
seasons, like many parts of the tropics, and on such crops as 
sugar cane and sweet potatoes which yield maximum amounts 
of plant material per acre. In temperate regions plants like the 
soybean, productive and rich in protein, are finding mde uses. 
Food crops are less likely to be changed than crops used in' 
industry because of the conservatism of our food habits, but the 
processing of foods holds much promise and may bring to our 
tables many products from sources now untried. 

Wood, which not long ago was being superseded by other sub¬ 
stances for many purposes, is now more ■\\ddely used than ever 
before and in many different ways. PlyAvood, compressed wood, 
and impregnated wood have yielded a wealth of new products. 
The whole tree and not its main trunk alone can be turned into 
wood pulp. Plastics of many sorts come from wood. Sawdust, 
now largely wasted, can be converted into industrial alcohol. 
The wood resources of the world, particularly in the tropica, are 
yet far from explored; and since a forest yields on the average 
more plant material per acre per year than a cultivated crop, the 
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role of forestry in our economy grow greater still. Particular 
attention will doubtless be paid to wood technology' and forest 
products, and to the breeding of better types of trees. 

Many kinds of plants not heretofore employed in agriculture 
will grow in usefulness. The yeasts, limited at first to the making 
of wine and beer and the raising of bread, arc notable for their 
great variety and the activity of their bodily processes. Already 



Fki. 300,—a culture (highly inaguified) of ErcmotfKcium A^hhyx, uu H.Hcoin>'(eto 
that UMCil in tho commercial production of rilK>navin. Portions of the mycoliuin 
nnrl many elongate 8|K)ro£» are ithown hero, to.^othcr Mith three groups of long, 
ncodlcdiko cryotaU of rit>oflavin. {Courtesy of P, It. DurkholJcr.) 

one j'east, a type of Torula, is used to synthesize protein from 
molasses and the w'aste of breweries and distilleries, and has 
opened a new source of protein food for animals and perhaps for 
man. In places like the West Indies w’here these raw’ materials 
are plentiful, protein production by yeast is grow-ing into a major 
industry. Many other products—foods, industrial materials, 
and drugs—come from bacteria, yeasts, and the low’cr fungi 
(Fig. 399). The mass production of penicillin by a simple mold 
shows what may happen in this field (Ftg. 400). 
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The teeming plant life of the ocean, especially those minute 
algae which form the plankton, provides a vast source of material 
for man’s use which yet has been drawn upon but little. These 
plants are the ultimate source of hsh and other forms of sea food 
ill great quantities. It has been calculated that the aggregate 
amount of plant material produced photosynthctically per acre 
<)f ocean i.s on the average more than twice that made per acre 


h'lOs 400.—One of tho processes in tho production of ponicilUn. Centrifugal 
reparation during extraction of penicillin from the fermentation broth at tho 
plant of Morck and Companyi Rahway, New Jersey. (Courfcsi/ of Merck and 
Company^) 

of agricultural crops. Most of this product we yet are quite 
unable to use. These “pastures of the ocean” may one day be 
enormously important to mankind and are well worth intensive 
study. 

Nine-tenths of the energy which runs our mechanized civili¬ 
zation comes from plants, living or fossil. What sources of 
atomic energy may ultimately be available is problematical, 
but the supplies of coal and petroleum are certainly limited. As 
these become reduced, we may well be forced to depend still 
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more on energy stored by photosynthesis in living plants, and 
thus to grow crops for fuel. Far more sun energ>' is locked up 
ever>' year by the green plants of the earth’s surface, on sea and 
land, than is used in our machines. Alread\’ methods are at 
hand for the conversion of trees, crop plants, garbage, and waste 
plant material into petroleum-like compounds. The lu.vuriant 
vegetation of the tropics would yield an enormous supply <jf 
power by this means. 

The progress of plant science during the next few decades, 
both in fundamental knowledge and in its application to man’s 
needs, will therefore be well worth our careful attention. The 
main directions which this advance will take may not turn out 
to be those which have been mentioned here. Some quito unex¬ 
pected discovery may open a new avenue of research and lead 
to gains in knowledge at present unpredictable. The great 
advances in the phj'sical sciences ^\^ll in time be extended more 
fully to that most complex of all physicochemical systems, living 
protoplasm; and what may be discovered here no man now cun 
guess. Many investigators believe that biological science is on 
the threshold of changes as profound and revolutionary as that 
which it underwent a century ago when the theory of evolution 
upset the preconceptions of botanists and zoologists. 

One advantage of having even an elementary acquaintance 
mth botanical science is that it enables a person to follow intelli¬ 
gently the progress which >vill be made here as the years go by. 
For this purpose, however, it is necessary to have some knowledge 
not only of plant science itself but also of the men and institutions 
where research in it Ls going on and of the methods by which its 
discoveries are made knowm. 

There are some thousands of i>cople in this country, and more 
of them abroad, who are devoting themselves professionally to 
one or another of the phases of botanical research. In the 
botanical departments of our colleges and universities many of 
the fundamental studies are being carried on and here most of 
the future investigators ^vill be trained. In the agricultural 
experiment stations, one to each state, are being conducted a 
wide range of researches, not only directed toward immediate* 
practical needs but often broadly fundamental in character. The 
United States Department of Agriculture in the great laboratories 
of its Bureau of Plant Industry at Beltsville, Maryland (Fig. -101), 
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in four regional laboratories, and by other agencies at other 
l)laces, is carrying on an impressive and fruitful series of investi¬ 
gations. There are also a number of important privately sup¬ 
ported research institutions concerned at least in part ^^’ith 
botanical problems, notable among which are the Boyce Thom])- 
son Institutefor Plant Uesearch at Yonkers, NcwYork(Fig. 402); 
the Hopkins Marine Station at Pacific Grove, California; several 
station.s of the Carnegie Institution of Washington; and the 
Marine Biological I.aboratory at Woods Hole, Massachusetts. 
'Fhe various botanical gardens arc important research centers not 


! 



Fio. 401.—Some of tlic jjreonhousos and laboratory buildings at the Plant 
Industry Station, Bureau of Plant Industry, Soils and Engineering, United 
States Department of Agriculture, BcUsville, I^Iaryland. {Courtesy of the Chief 


of the Bureau^') 


only for taxonomic problems but many othei's. Notable here 
are the New York Botanical Garden, the Brooklyn Botanic 
Garden (Fig. 403), the Arnold Aiboretum of Harvard Univer¬ 
sity, and the ^Missouri Botanical Garden at St. Louis. In recent 
years the research laboratories of many industrial concerns, par¬ 
ticularly those dealing ^^'ith food products and various fermenta¬ 
tion industries, have turned out a considerable body of research 
which, although chiefly concerned ^^^th lower plants, is essentially 
botanical in character. The research from these various agencies 
makes an imposing total which is continually increasing. If we 
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add to this the many botanical investigators in Europe, even after 
the catastrophe of war, togetlier ^nth the vcr>' consiflerable 
numbers elsewhere, especially in the British Empire, the pros- 
f>ect for a continued flow of new research in the years ahead i> 
excellent. 

Second in importance only to the actual conduct of this re.searcli 
is the publication of its results in such a form that they may be 
accessible to scientists everywhere. If one is to follow the 
progress of botanical investigation through the years, it is neces¬ 
sary to know where one must look for these reports. They arc* 



Fio# 402.—Tho Boyru Inatitutc for Plant Hofvoarch at Yonkers, New 

York. {Courtesy of the Dirtcior of the Ineiitutc.) 


presented in a numl^er of forms, but chiefly as artieles in sciontifi<* 
Journals contributed by workers in manj' institutions. Some 
of these journals arc conflned entirely to botanical research. 
Among them are the American Journal of Botany, the official 
publication of tlio BoUinical Society of America, which is tho 
major professional society for all botanists in this country; the 
Botanical Gazette, a quarterly published by the Department of 
Botany of the University of Chicago, and the Bulletin of the 
Torrey Botanical Club of New York City. In England the A nnaU 
of Botany and the New Phytologist arc of special importance. 
Before the war there were a number of notable botanical journals 
published on the continent of Europe and in Japan, some of 
which will doubtless be continued. Many journals are confined 
to special fields, such as PlatU Physiology, Phytopathology, the 
Journal of Bacteriology, and Mycologia. 






Fio. 403.—Aerial view of the Brooklyn Botanic Garden. {Courtt$y of the Director 

of the Gorden.) 
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In other special fields, notably genetics, cytology, and general 
ph 3 ’siolog.v, researches on both plant and animal material are 
reported in a number of important journals such as the Journal 
of Heredity, Genetics, the Journal of Genetics, Cylologia, and the 
Journal of General Physiology. There are many such publica¬ 
tions in languages other than English. 

Journals which are hroailer in character and cover the whole 
fiehl of biology* include many botanical papers. Among thes(‘ 
are the Aiturican Naturalist, the official publication of tlie Ameri¬ 
can Society of Naturalists; and the Biological Bulletin, published 
by the Murine Biological Laboratory. 

The botanical gardens have various publications of their own. 
Some arc popular in character like the Journal of the New )'ork 
Botanical Garden, and Plants and Gardens from the Brooklyn 
Botanic Garden. Others are more technical, like the Annals of 
the Missouri Botanical Garden and the Journal of the Arnold 
Arboretum. The re.sults of .studies in the Bureau of Plant Indus¬ 
try and the agricultural stations are published in many bulletins 
and in the Journal of Agricultural Research. 

Many scientific societies such us the National Academy of 
Sciences, the various state academies, and the American Philo¬ 
sophical Society liave publication.s cf their own wliich contain 
papci*s on all the sciences and include many dealing with plants. 
The American /Wtociation for the Advancement of Science, whicli 
numbers among its membci-s most of the coiintr>’’’s scientists and 
many laymen, publishes Science, a weekly journal \nth news of 
science and scientists, and with manj' short articles. The 
Scientific Monthly contains longer and more general papers. 
There arc a number of less technical journals wliich deal with 
plants. 

In the whole tvorld there are altogether hundreds of journals 
which contain papere on biological subjects and these are pub¬ 
lished in many languages. To make this vast literature accessible 
to every one by printing brief summaries or abstracts of these 
{japers is the function of the monthly journal Biological Abstracts. 
Here one can find the title and summarj'’ of many papers dealing 
with plant research, and these are often of interest to the non- 
profes.sional botanist. Botanical Reviews publishes a scries of 
comprehensive papers, each summarizing and reviewing recent 
research in a given field of plant science. 
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There are, of course, many good books about plants and their 
acti\'ities and the applications of plant science to mankind, which 
are published from time to time, but they are too numerous to 
be mentioned here. With a wider interest in such matters their 
number should increase. Most good libraries have available 
various published guides to lists of books and papers dealing 
N\ith the plant sciences and agriculture. Botany needs more 
skilled interpreters to describe its advances to the reading world. 

The pageant of botanical progress will continue to unroll as 
yeai-s go by. Those who have some training in plant science 
will be able to follow it intelligently and to appreciate the dis¬ 
coveries which doubtless will be made in many parts of this 
broad field, discoveries which will increase our understanding not 
only of plants but of the \\'ider problems of life in general, and 
which in their applications ^\^ll be of immeasurable value for the 
health and welfare of mankind. For many who wish to be par¬ 
ticipants in this adventure and not bystanders merely, there ^^iU 
be wide professional opportunities in a career in the plant sciences. 
Here are needed sound and inspiring teachers, able investigators 
in the field of theoretical research, and workere with tlie practical 
ability to apply botanical knowledge to the development of agri¬ 
culture and industry. By their services the life of ])lants will 
still continue to enrich the life of man. 



APPENDIX 


The following list of Greek an<l Latin roots and combining 
forms is eommonly used in the construction of technical botanical 
terms. 

For the various terms in this book which you meet for the first 
time, find the derivation from the list (or from a dietionarj’) and 
explain why the term is apj)ropriate. 

a-, an-: not, without (Greek a-, an-), 
ab-, a-: ofT, from, away, without (Latin ab-). 

•aceous: pertaining to, like (I^itin 

acr, aero-, -acrum: top, summit (Greek akron) 

ad-, ac-, ag-, -ad: toward (I.,atin ad-). 

aer, aero-: air, atmosphere (Greek acr, acros). 

agr, agro-, agri-: field, land (Greek agros). 

allelo: of one another, mutually, in turn (Greek alUlbn). 

amb, ambi-, ambo-: around, on both sides, both (Litin nr>i6i-). 

amph, amphi-: of both kinds, on both sides, around (Greek amphi). 

ana-: on, up, upward, back, again (Greek ana-). 

andr, andro-: male (Greek anPr, andros). 

anem, anemo-: wind (Greek anemos). 

aog, angio-, -angium: vessel, receptacle (Greek angos, dim. angeion). 
angust, angusti-: narrow', small (Latin an^rusOis). 
annul: a ring (Latin annuhts). 

ant-, anti-: against, opposed to (Greek ant-, anti-). 
ante-: before (Latin ante-). 

anth, antho-, -anth, -anthous: flower (Greek aniho.%, antheros). 
ap-, apo-: from, away from, off (Greek apo-). 

arch, archi-, -arch: beginning, first, hence primitive (Greek archl). 

asc, asco-, ascidl-: bladder (Greek ankos, ankuiion). 

aut, auto-: self (Greek atito»). 

aux, auzo-: growth, increase (Greek aux9). 

bas, base-, basi-, -basis: base, foundation (Greek basts). 

bi-; two, twice, twofold (Latin bts). 

bi, bio-, -bic, -biosis: life (Greek bios). 

blast, blasto-, -blast: sprout, shoot, germ (Greek hlastos). 

bol, -bollc: change (Greek boU). 

brachy: short (Greek braehya). 

bry, bryo-, -bryum: moss (Greek bryon). 
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cad, cado-, -cadeot: to fall (Latin caderc). 

calyc, calyci-: cup. shell (Greek kahjx). 

calyptr, calyptro-: a veil (Greek kahjptra). 

campyl, campylo-: bent, curved (Greek kamp\jlos). 

capill, capilla-, capUli-t hair (Latin capillus). 

caps, capsul-: box, ciu«e (Latin capsa, dim. capsula). 

carb, carbo-: coal, c.arboii (Latin carbo). 

carp, carpo-, -carp: fruit (Greek karpos). 

cary, caryo-: nut, kernel (Greek karyon). 

cat, cata-, kata-: downward, inferior (Greek kata). 

caul, caulo-, -caulous: stem, stalk (Greek kaulos). 

centr, centro-: point, center of a circle (Greek kcnlron). 

chem, chemo-, chemic-: of or conoerninR infusions, hence, chemical (Greek 
chrniikos). 

chlor, chloto-: linht green (Greek chUiros). 

chondr, chondro-, -chondria: soniothing granular (Greek chondros). 

chrom, chromo-, chroma-: color (Greek r/ir«ma). 

cid, -cid: to cut (Latin cardm ). 

cil, cili-, cLUo-: hair (Ijitin cilium). 

circum: around, about (T^rtin rircum). 

clad, dado-, clade-, -clad: hninch, sprout (Greek klados). 

coen, coeno-, ceno-: common, shared in common (Greek koinos). 

cole, coleo-: sheath (Greek koUos). 

coll, collo-: glue (Greek kolla). 

com-, CO-, col-, con-, cor-: with, together (Latin com- from cum). 

con, coni-, conidio-: dust, ashes (Greek konis, dim. kanidion). 

copr, copro-: dung, excrement (Greek kopros). 

corm, cormo-, -corm: stump, log, trunk (Greek knrmos). 

cotyl, -cotyl: cup, or cup-shaped (Greek kotylc). 

crypt, crypto-: secret, hidden, covered (Greek kryptos). 

cut, cuto-, cutic-: skin (Latin cidia). 

cyan, cyano-, -cyanin: dark-blue substance (Greek kyancs). 
cycl, cydo-, -cycle: ring, circle (Greek kyklos). 
cyst, cysto-, -cyst: pouch, bladder (Greek kystis). 
cyt, cyto-, -cyte: a hollow vessel, hence, a cell (Greek kytos). 

de-: down, down from, away, off (Latin de-). 
deca: ten (Greek deka). 

dendr, dendro-, -dendron: tree (Greek dendron). 

derm, dermo-, dermato-, -derm: skin (Greek eferma, dermofos). 

desm, desmo-: bond, fastening (Greek desmos). 

dex, deztro-: right, to the right (Latin dexUr). 

di-, dis-: twice (Greek dis). 

dia-, di-: through, during, over, across (Greek dia-). 
dich, dicho-: in two, asunder (Greek dicha). 
dicty, dictyo-: a net (Greek diktyon). 
dipl, diplo-: double (Greek diploOs). 
dors, dorsi-, dorso-: back (Latin doraum). 
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eco (or oeco), -ecious, -ecium: liouse, hence domer«tic, concerninR the 1ioum.>- 
hold, or environmental (Gieek oikos). 
ect, ecto-: outside, external (Greek cktos). 

-ell, -ella: sufhx signifying the diminutive (Latin -e//ua). 

enchym, -enchyma: an infusion, hence, tissue (fireek enrhyma). 

end, endo-: within (Greek cm/on). 

entom, entomo-: insect (Greek vnloma). 

eos, eo-: dawn, sunrise, hence, early (Greek Eoh) 

ep-, epi-: on, upon (Greek cpi). 

equ, equi-: equal (Latin aeqtius). 

erg, -erg: work (Greek ergon). 

erythr, erythro-: red, rcd<lish (Greek erythros). 

-esce, -escent: tieginning, hence, slightly (I,ntin -e.iccns, -cscenlis). 
eu-, ev-: good, well, tnie (Greek cu-). 
ex-, e-: out from, beyond (Latin cx-). 

fasc, fasci-: band (Latin/a«ci'a). 

fascis, fascicul-: bundle (Latin fascis, dim. fasciculus). 

-fer, -ferous; bearer, bearing, producing (Latin/erre). 

-fic, -fice, -0cation: making (I^tiii ficare, akin Xo faccrc). 
fil, fila-, fill-: thread (Latin filium). 

fiss, fissi-, -fid: cleft, divided, split (Latin fiiulrre, pp. fussus). 

flav, flavi-: yellow (Latin flatms). 

flor, fiori-, -florous, -flory: flower (Latin ftos, florin). 

foil, folio-: leaf (Latin/o/tum). 

foil, folli-, foUicul-: sac, bag (Latin/o//ts, dim. folliculus). 
fnict, fructi-: fruit (lAtin fruclus). 

fun, funi-, funicul-: rope, cord (Latin/anfs, dim./unicu/u^). 


gam, gamo-, -gamous, -gamy: marriage, union (Greek gamos). 
gaster, gastro-, -gaster: stomach, belly (Greek gasUr, gaslros). 
gen, genl-, geno-, genet!-, -gen, -geny: be born, become, hence, race, descent 
(Greek genes; Latin genus, generis). 

S^o-, ge-: earth, ground, soil (Greek gri>~). 
gluco-: sec glyc. 

glye, gtyco-, glyce-, glycer-: sweet (Greek glykys). 

gon, gODO-, -gony, -gonium: progeny, see<l, hence, reproductive structure 
(Greek g&not). 

graph, -graphy: to write (Greek graphein). 

gutt, gutto-, gutti-: drop, spot (Latin guUa): 

gymn, gymno-: naked, uncovered (Greek gymnos). 

gyn, gyneco-, -gyne, -gyny; female (Greek gyni, gynaikas). 

bal, halo-: the sea, hence, salt (Greek haU, halos). 
hapl, haplo-, aplo-: single, simple (Greek haploos). 
haust, hausto-: drink, draw up (Latin haurire, pp. Justus), 
hedron: base, side (Greek hedrd). 
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hel, helio-: the sun (Greek helios). 

hemi-: half (Greek hemi-). 

hetero: other, different (Greek heteros). 

hex, hexa-: six (Greek h^x). 

hisce: to gape, open (Latin hiserre). 

hist, histo-: web, hence, tissue (Greek histos). 

hoi, hole-: whole, entire (Greek holos). 

homo, homin-: man (Latin homo, hominui). 

homo: common, alike (Greek homos). 

horm, hormo-: chain (Greek /lor/aos). 

hort, horti-: garden (Latin horlvs). 

byal, hyalo-: glossy, shiny (Greek hyaloa). 

hydr, hydro-: water (Greek hydur). 

hygr, hygro-: wet, moist (Greek hygros). 

hymen, hymeno-: membrane (Greek hymen). 

hyp, hypo-: under, beneath (Greek hypo). 

hyper, hypero-: above, beyond, over (Greek hyper). 

idio, id-: one’s own, distinct (Greek idi'os). 

-idion, -idium: diminutive suffix (Greek -idion). 

in-, il-, im-, ir-: within, into (I>atin in-). 

in-, il-, im-, ir-: not, un- (Latin in-). 

infra-: below, beneath, on under side (Latin m/ra-). 

inter-: among, between (Latin inter-). 

intr, intra-, intro-: inside, within (Latin inira). 

is, iso-: equal, similar (Greek isos). 

jug: join, marry (Latiniujjuin). 

kat: sec cat. 

lab, labi-: lip (Latin labium). 
lact, lacti-: milk (Latin lac, lactis). 

lamin, lamini-, lamelli-: thin plate, leaf (Latin lamina, dim. lamella). 

lat, lati-: broad (Latin latus). 

lept, lepto-: slender, small (Greek leptos). 

leuc, leuco-, leuci-: white, bright (Greek leukos). 

lign, ligni-, ligno-: wood (Latin lignum). 

locul, loculi-: small place, cell (Latin loculus). 

log, -logy: word, discourse, hence, the subject of (Greek logos). 

long, long!-: long (Latin longus). 

ly, lye-, lys-, lysi-, -lysis, -lytic: loosing, dissolving (Greek lyo, giving 
to lysis). 

macr, macro-: large, great (Greek makros). 
magn, magna-, magni-: great (Latin moynus). 
med, medi-, medio-: middle (Latin msdtus). 
meg, mega-: great (Latin megas). 
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mei, meio-, mio-: less, fewer (Greek 
melan : black (Greek inelanos). 

mer, men-, mero-, -meric, -mere: a part (Greek mrros). 

merist, meristo-: divisible, divi<led (Greek mcri.-itos). 

roes, meso-: middle (Greek nusos). 

meta, met-: atnooK. between, after (Greek mtta). 

metr, metro-, -metry: measure (Greek mrtron). 

niicr, micro-: small (Greek tnikro^). 

mit, mito-: a thread (Greek mitoa). 

mon, mono-: single, one (Greek jftonos). 

morph, morpho-, -morph, -morphic: form, shape (Greek morphi:). 

mult, multi-: much, many (Ljitin muUus). 

mutat, mutato-: alteration, change (I-atin muiaius). 

mye, myco-, mycel-, mycet-, -myces: fungxis (Greek mykftos: Ijitin 

tnyrrlium). 

myx, m 3 rzo-: nuicus, slime (Greek myx^t). 


nasc, oat-, -oat, -oasc: be born (Latin noscor, pp. nafus). 
oast, -nasty: pressed close (Greek n<i*/os). 
necr, necro-: dead (Greek nckroa). 

nem, nema-, nemato-: a thread (Greek nUma, nrmatos). 

nom, nomo-, -nomy: law, eustoin, hence, the subject of (Greek nomos). 

nuc, nuci-: nut (Latin nux, nucis). 

ob-: to, toward, against, reversed (I^tin o6). 
oct, octo-: eight (Latin oclo). 

-oid: like, similar to (Latin -oiVf, contiaction of Greek o -f- cidos). 

4 -olus, -ole: diminutive sufiix (I>atin oUts). 

Oo, bon-: egg (Greek Oon). 

orth, ortho-: straight (Greek orthos). * 

-ose: full of, like (Latin -osua). 
ov, ovi-; egg (Tjatiii ovum). 

palae, palaeo-, paleo-: old, ancient (Greek palaios). 

par, para-: beside, nciir (Greek para). 

parthen, partheno-: virgin (Greek parthenos). 

path, patho-, -pathy: sufTcring, disease (Greek pathos). 

ped, pedl-, pedo-, -pes: foot, base (Latin pes, pedis). 

pent, penta-: five (Greek ponU). 

peri-: near, around, about (Greek peri). 

phag, -phage, -phagous: eat (Greek phagrin). 

pbaner, phano-, pbaoero-: visible, evident (Greek phancros). 

phaa, -phase: appearance, aspect (Greek pAoaia). 

phell, phello-: cork (Greek phellct). 

pheno: appear, show (Greek phainxin). 

phil, philo-, -phile: love, loving (Greek philoa). 

phor, -phore, -phoric: bearing (Greek pherein). 

phot, photo-, phos: light (Greek ph6s, phbtoa). 
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phyc, phyco-: seaweed (Greek phykos). 
phyll, phyUo-, -phyll: leaf (Greek phyllon). 

phys, -physis: growth (Greek physis). 

phyt, phyto-, -phyte: plant (Greek phyton). 

pinn, pinni-, pinnati-: feather (Greek pintui, pinnoios). 
plagio, plagi-: oblique, transverse (Greek plagios). 

plasm, plasmo-, plasmato-, -plasm: anything formed or molded (Greek 
fila.sfna, pla-f7na(os). 

plast, plasto-, -plast: formed, molded (Greek pUtstos). 

plum, plumo-: soft feather (I^tin pluma). 

plur, pluri-: many (I^atin plus, pluris). 

pod, podi-, podo-, -pod: foot (Greek pons, podos). 

poly, poli-t many (Greek polya). 

pro-: before, in front (Greek and Latin pro-). 

prot, proto-: first, primary (Greek protos). 

pseud, pseudo-: false (Greek pseudo). 

pter, pteri-, ptero-, -pterous: feather, wing (Greek plcron). 
pterid, pterido-, -pteris: fern (Greek pleris). 
pyl, pylo-, -pyle: gate, opening (Greek pylc). 

quadr, quadri-: four, fourfold (Latin yuadrus). 
quinqu, quinque-: five, fivefold (Latin qumquc). 

radio, radlci-: root (Latin radix, radicia). 

ram, rami-: branch (Latin ramu«). 

re-: back, backwards (Latin re-). 

ret, reti-, reticuli-: not (Latin rcle, dim. rcttcidwm). 

rhiz, rhizo-, -rhiza: root (Greek rhiza). 

rhod, rh^do-: rose, hence, red (Greek rhodon). 

sapr, sapro-: rotten (Greek sapros). 

sarc, sarco-, -sarct flesh (Greek sarkos). 

scalar, scalari-: flight of steps, ladder (Latin scalaris). 

schiz, schizo-: split, cleave (Greek achizein). 

ecler, sclero-: hard (Greek sfrferos). 

scop, -scopic: sec (Greek akopcin). 

sect, secti-: cut, cleft (Latin seefus). 

semi-: half (Latin aeini-). 

sept, septi-: partition (Latin septum). 

set, seti-, -setum: bristle (Latin seta). 

sex, sexi-: six or sixfold (Latin sex). 

silv, silvi-, sUva-: woods, forest (Latin ailva). 

simil, simili-: like (Latin simifis). 

sipho, siphono-: tube, pipe (Greek siphOn), 

som, somato-, -some: body (Greek sdma, sdmatos). 

sperm, spermo-, spermato-, -sperm: seed, germ (Greek aperma, spermatoa). 
spir, -spire: breathe (Latin sptrare). 
spor, sporo-, -spore: seed (Greek apora). 
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stat, stato-: standing, placed (Greek stoios). 
stel, stelO', -stele: post, column (Greek 

stoni, stotna-, stomati-, *stome: mouth, opening (Greek $tcma, slomatofi). 

styl, styli-, stylo-, -style: stake, pillar (Greek stylos). 

sub-: under, below (Latin svb-). 

super, super!-: over, above, on top (Latin cuper). 

supra-: above, more than (I^tin supra-). 

syn-, sym-: with (Greek syn-). 

tax, tazo-, -taxis, -taxy: arrangement, order (Greek <ax*s). 

tel, telo-, telio-: end, completion (Greek Ulos, Ulcos). 

ter, terato-: wonder, monster (Greek teras, Ura(os). 

terr, teni-: belonging to the earth (Latin terra). 

tetr, tetra-: four (Greek Mra). 

thall, thallo-, -tballic: young shoot (Greek thallos). 

thee, tbeco-, -thecium, -theca: case, sac, capsule (Greek thiki, tlim. thikion ) 

thes, theso-, -thesis: put, place (Greek thesix). 

thigm, thigmo-: touch (Greek thignia, thigmatos). 

tom, tomo-, tomi-, -tomy: cut, slice (Greek tomos). 

tot, tot!-: whole, entire (Latin /otus). 

trans-: across, over, beyond (Latin trans-). 

tri-: three (Greek <n). 

trich, thric, tricho-: hair (Greek Ihrix, trichos). 

trop, -trope, -tropua, -tropic: turn (Greek iropos). 

troph, tropho-, -trophy: relating to nutrition (Greek tropkos). 

-ule, -ula: diminutive suffix (Liitin uIim). 
ultim, ultimo-: lost (Latin uUimiu). 
ultra: beyond, in excess (Latin ultra). 
uni: one (Latin unus). 

vacu: empty (Latin vacuus). 

vaa, vasi-, vaacul-: a vessel (I^atin v<u, dim. vasculum). 
ventr, ventro-, ventri-; belly (Latin vmUr, ccritris). 
vit, vita-: life (Latin vita). 
viv, vivi-: alivo (Latin trivus). 

xanth, zantho-, zanthi-: yellow (Greek xarUhos). 
xer, zero-: dry (Greek xiros). 

zyl, zyle-, zylo-: wood (Greek xyUm). 

zo, zoo-, -zoon, -zoa: animal, living being (Greek zdon). 
zyc* zygo-: yoke, pair (Greek zygon). 

zym, zymo-, -zyme: leaven, yeast (Greek tymi). 
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By using the list of Greek and Latin roots given above, find an 
appropriate meaning for each of the following terms: 


Abaxial 

Dendrograph 

Oligandrous 

Abscission 

Dimerous 

Oligospermous 

Acarpous 

Ectogenic 

Oogamy 

Acaiilcsccnt 

Endophyte 

Obphore 

Achromatic 

Epiblast 

Orthotropic 

Acropenous 

Episperm 

Palcophytology 

AcropynoiJS 

Epixylous 

Parapetalous 

Aorotropic 

Exogenous 

Parthenospore 

Ancmopliilous 

Floriferous 

Pentamcrous 

Aiiisophyllous 

Foliiferous 

Perigynium 

Anthorifcrous 

Gametogenesis 

Periplasm 

Antliophorc 

Gonophore 

Phototaxis 

Antimycotic 

Gymnocarpous 

Phycology 

Apterous 

Gyinnospore 

Phyllogenetic 

Archicarp 

Gynophore 

Phytogenesis 

Ascogcnous 

Hcmicarp 

Phytomer 

Aspcrmous 

Heterophyllous 

Phytotoray 

Autogamous 

Ilcxandrous 

Piliferous 

Autogenous 

Homomorphous 

Pinnatisect 

Autotrophic 

Ilomopctalous 

PistiUiferous 

Auxograph 

llypanthium 

Plasmasomc 

Hiflorous 

Hypoderm 

Plurifoliatc 

Biolytic 

Hypophyllous 

Polyanthous 

Bioplasm 

Interfllar 

Polyspcrraous 

Bisetose 

Intracellular 

Progamoua 

Brachypodous 

Isomcrous 

Protogynous 

Bryology 

Isosporous 

Pseudosperm 

Bulbifcrovis 

Lysigenous 

Rhizomorph 

Calyptrogen 

Mericarp 

Schizogenous 

Carpogcnic 

Mcsocarp 

Seminiferous 

Carpophore 

Mcsothccium 

Setiferous 

Caulicle 

Microcyst 

Spermoderm 

Cauliform 

Microsomc 

Sporocyte 

Caulocarpous 

Monanthous 

Symphysis 

Circuin floral 

Monogynous 

Synangium 

Cladocarpous 

Monopodium 

Synanthy 

Cladophyll 

Multiseptate 

Tetramcrous 

Connate 

Mycosis 

Trichoblast 

Cormophyte 

Nuciferous 

Tripterous 

Cytogeneais 

Nucleoplasm 

Unilabiate 

Cytochrome 

Obovaie 

Ventricosc 

Dendriform 

Octamerous 

Zootheca 
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From the list of roots given you or from other information, try 
your hand at coining an appropriate technical term for each of 
the following. Avoid combining a Greek with a Latin root. 


The science of plants 
Two-lipped 
The origin of life 
Growing above 
Little .stem 

Formed like a feather 
Milk-prodiicing 
Having equal leaves 
Water-loving 
Root-producing structure 
Originating inside 
Tree science 


The origin of tissue.s 
Many-haired 
Many-branehed 
Cut into four parts 
Naked-fruited 

With flowers borne on the stem 
A small opening 
Flat-leaved 
Nut-bearing 

TTie science dealing with algae 
Many-leaved (from the Greek) 
Many-leaved (from the Latin) 
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IXDEX 


A 

Abscission layer, 1-13, 244 
Absorption, by roots. 97-99 
Absorption bands, of chlorophyll, 
122 

Aceracoae, 667 
Acelabularia, 480—481 
Achcnc, 362 
Ac)dya, 513-515 
Acquired characters, 370 
noninheritance of, 414 
Acrasiiicctie, 509 

Adaptations, to environment, 296 
in evolution, 413, 419 
Adnation, 334 
Acciosporc, 531 
Accium, 530, 531 
Aerobic respiration, 204—207 
Agur jelly, 494 
Agaricalcs, 532-535 
Agaricxu campestrit, 534 
Agriculture, 7 
Agronomy, 7 
Albugo, 515, 516 
Albumin, 196 
Alcohol, 127 

from fennentution, 208 
Aleuronc grains, 197 
/Vlcurono layer, 197 
Algae, 23, 465-^94 
blue-green (««< Myxophyctme) 
nitrogen fixation by, 81, 466 
brown (see Phocophyccac) 
green (see Chlorophyccae) 
red (see Rhodopbyeeae) 

Alismslcs, 672 
AUelc, 374 

Alternation of generations, 452-454 
in algao, 493 

antithetic theory of origin, 454 


Alternation of generations, homol¬ 
ogous theory of origin, 454 
Altitude zones, of plant distribution. 
433-431 

Amarylliduceae, 673 
.\meiit, 662 
.\inenliferae, 661—662 
^Vmici, 328 
Amino acid, 196 
Amoeboid niovomont, 507 
Amphibious plants, 266 
Amphigastrium, 566 
Amphitbcciuni, 580 
Anacsthetii's, effects on ^fitnosa, 305 
Anaphase, 223, 226 
.\natomy, 7 
Aruirrara, 557 
Aiidrcaeales, 557, 585 
Angiospcrmac, 26, 651-676 

evolutionary tondencic.s in, 659- 
661 

number of species of, 651 
origin of, 658—659 
reproduction in, 653-658 
vegetative structures of, 652-653 
Angiosperms (ere Angio.sperinao) 
Annual rings, 149, 159 
Annulus, 623 

Antagonism, in absorption, 58 
Anther, 329, 331 
Anther sac, 053 
Anthcridium, 476, 547 
Anthoccrotales, 581-584, 586 
Anthocyonin, 330 
Antibiotic, 526 
Antitoxin, 502 
Apical cell, in Brj'ales, 552 
in Fucus, 488 
Apocynuceoe, 069 
Apogamy, 462 
Apophysis, 554 
707 



708 


BOTANY: PRINCIPLES AND PROBLEMS 


Apospory, 4G2, 549 
Apothccium, 520 
/Vralos, G75 
Araliaceae, 668 
i\j-chegonii»m, 547 
egg cell of, 547 
ventral canal cell of, 547 
neck canal cell of, 547 
Archichlainydcac, 661-C68 
Aril, 648 
Aristotle, 8 
Asclepiadaceac, 669 
Aseocarp, 520 
Asi'ogoiiiuin, 521 
Ascoinycetes, 519-528 
Ascorbic acid, 211 
Ascospore, 520 
Ascus, 520 
Aitpcrgitlus, 525 
Assimilation, 33, 201 
Association, climax, 317-319 
Astoralcs, 671-672 
Astcrocalamitcs, 615 
Astcroxylon, 591—592 
Athlete’s foot, 526 
Autobasidiomycctcs, 528, 531 
Autonomic movement, 296 
Auxin, 277-279 

relation of, to mcristcmatic activ¬ 
ity, 279 

to root formation, 279 
Axil, 148 
Azolla, 629 
Asotobacter, 81 

B 

“B” group of vitamins, 211 
Bacillus, 409 
Bacillus amylovorus, 503 
Backcross, 382 
Bacteria, 77, 497-505 
autotrophic, 503-505 
of decay, 77, 501 
heterotrophic, 503 
importance of, 500 
nitrifying, 77, 501 

nitrate (.Nitrobacler), 78 


Bacteria, nitrifying, nitrite (Nitro- 
somonas), 78 

nitrogen-fixing {Rhizobium), 78, 
79, 501 

pathogenic, 502, 503 
rapid growth of, 499 
saprophytic, 500-502 
Bacteriology, 500 
Bacterium, 499 
Balanced solutions, 58 
Baragu'anihia, 592 
Barberry, host of rust, 529 
Bark, 147, 149, 150 
economic importance of, 179, 180 
Basic syntheses in plants, 190, 101 
Basidiomycetes, 527-537 
Basidiospore, 527 
Basidium, 527 
Bast {see Phloem) 

Bauhin, Oaspard, 9 
Benncttitnlcs, 645, 640, 659 
Berry, 353 
Betulaceac, 662 
Biology, 2 
Biotin, 211 
Bladderwort, 313 
Blade, of leaf, 31, 100 
“Bleeding,” of stems, 99 
Blight, 511, 514 

(iSce also Pcronosporales) 
Blister rust, white pine, 531, 532 
Bock, Hieronymus, 9 
Body cell, 636 
Boron, in metabolism, 210 
Botany, definition of, 1 
economic, 7 

and the future, 678-696 
history of, 8-15 
subdivisions of, 6-8 
systematic (see Taxonomy) 
Botanical publications, 693-695 
Botanical research centers, 691-693 
BolhrodcTidron, 608 
Botrychium, 625 
Bract, 328, 338 
Branch, 147 

Branching, dichotomous, 590 
of root, 94, 95 
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Branching, of stem, 147 
Breeding population, effective, 421 
Bromelinceae, 673 
Brown, Robert, 37 
Brunfcls, Otto, 9, 10 
Bryales, 551-536, 585 
Bryophyllum, 262 
Bryophyta {see Bryophytes) 
Bryophyte,s, 23, 544-586 
origin of, 550 

subdivisions of, 550, 5S4—58C 
Bryop.is, 480 
Bud, 95, 147-140, 238 
adventitious, 148 
axill:ir>', 14S 
branch, 148 
flower, 148 
lateral, 148 
mixed, 148 
naked, 148 
tortninnl, 148 
Bud mutations, 395 
Bud scales, 148, 238 
Bulb, 175, 327 
Bulbil, 601 

Bundle, fibrovasculnr, 149, 163, 164 
Bundle sheath, 1C3, 164 

C 

Cactalcs, 666 
Cnlnmitcs, 614 
Calcium, in metabolism, 210 
in morphogenesis, 275 
Callus, 264 

Calobrynles, 562-5C4, 535 
Calobnjum, 562 
Calyplra, 554 
Calyx, 328, 329, 652 
cpigynous, 334 
gnmoHcpalous, 333, 334 
polysepalous, 334 

Cambium, 33, 94, 152, 156, 159, 233 
activity of, 240 
interfascicular, 163 

{See also Growing point, lateral) 
Camcrarius, 328 
Capillarity, in soil, 70-74 


Capillitium, 508 
CaprJfoliacene, 670 
Capsule, in Bryales, 5.>1 
type of fruit, 352 
Carbohydrates, 101-191 
Carbohydrate-nitrogen relationship, 
i:i morphogenesis, 270 
Carbon, 118 
Carbon dioxide, 118 
Carboxylase, 211 
Carinal canal, 612 
Carotene, 119, 330 

relation of, to vitamin A, 211 
Carotenoids, 119 
Carpel, 331, 651 
Cnrpogonium, 401 
Carpospore, 402 
Carlcria, 469 
CaryophyJlales, 605-666 
Caryepsis, 352 
Casparian strip, 93 
Catalase, 205 
Catalyst, 199 
Catkin, 339, 602 
Caulrrpa, 479, 480 
Cclastralcs, 060—667 
Cell, 31, 36-63 

diffusion and osmosis in, 55—58 
pliy»iolog\’ of, 51-55 
size of, 38 

Cell differentiation, 229-230 
Cell division, 222-227 
Coll enlargement, 227-229 
Cell lineage, 258 
in root, 236 
Cell plate, 220 
evil sap, 49 
Cell theory, 37-38 
formulation of, 13, 37 
Cell wall, 49-51 
lignifled, 51 
perforation of, 01 
primary, 50 
secondary, 60 
Cellophane, 178 

Cellular complexity, evolution of, 
449-460 
Cellulose, 200 
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Cellulose, 50, 194 
reserve, 194 
Cesiilpino, 11 
Chara, 483, 484 
Chnractcr, dominant, 374 
recessive, 374 
unit. 373 
Charcoal, 178 
('harophyceae, 483-48-1 
Chomieiil substances, effect of, on 
metabolism, 275-276 
on plants, 310 
Chcmotropisni, 310 
Chcnopodiaccac, 006 
Chimera, 287-289 
perielinal, 289 
sectorial, 287, 288 
Chit in, 498 
Chlamyihmonas, 470 
Chlamydospore, 528 
Chlordto, 473 

Chlorine, in metabolism, 210 
Chlorophyceac, 408-483 
Chlorophyll, 31, 113, 119 

а, 119 

absorption bands of, 122 

б, 119 

fluorescence of, 122 
C’hloroplast, 47,.112, 119 
Chondriosomes, 48 
Chromatids, 344 
tetrads of, 344 
Chromatin, 47, 223 
Chromotophore, 408 
Chromoplost, 47, 330 
Chromosome number, diploid, 344, 
395 

effect of, in morphogcnc.-,b, 2S3 
haploid, 344, 395 
tctraploid, 394, 395 
Chromosome reduction, 34*1-345 
Chromosome theory, 389 
Chromosomes, 47, 223-220 
homologous, 226, 344 
location of genes in, 390 
Chytridialcs, 511 
Cilia, 468, 498 
Cinchona, 179-180, 670 


Circumnutation, 248 
Cladode, 176 
Cladonia rangiferina, 539 
Class, 10-20 

Classification, system of, 17-21 
Clavariales, 535 
Climax association, 317—319 
Clinostnt (see Gravity, ns mor¬ 
phogenetic factor) 

Clostridium, 81 
Cluster cup (see Aecium) 

Coalescence, of floral parts, 334 
Cocarboxylase, 211 
Coccus, 499 
Coconut, 361, 674 
Cocnocyte, 47, 478 
Colchicine, use of, to produce chi¬ 
meras, 684 

to produce polyploids, 289 
ColcochacU, 477 
Coleoptile, 350 

effect of auxin on, 277, 278 
Coleorhisa, 350 
Collenchyma, 61, 151 
Colloids, 41-42 
Columella, 617, 618 
in mosses, 554, 584 
Conceptacle, 488 
Combustion, 203 
Companion cell, 63, 155, 653 
Compositae, 671-572 
“Compound interest” rate of 
growth, 246 

Compression, effect of, in morpho¬ 
genesis, 273 

Conducting • tissue (see Vascular 
tissue) 

Cone, 597, 610, 636 
ovulate, 637 
staminate, 635 
Conidiophore, 516 
Conidium, 515 
Coniferales, 648 
Coniferous forest, zone of, 430 
Conifers, family tree of, 18 
{See also (5oniferales) 
Conjugales, 481-483 
Conjugating tube, 481 
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Conjugation, lateral, 482 
scalarifonn. 482 
in thallophytcs, 464 
Contour plowing, 83 
Convol\*ulaccae. 669 
Coral fungi Clavarialcs) 
Cordaitales, 643 
Cork, 61 

Cork cambium, 150, 243, 244 
Cork oak, 151, 179 
Corn, 175, 327 
Cornaroae, 668 
Corolla, 328, 329-331, 652 
cpig>'nou8, 334 
cpiscpalous (pcrig>’nous), 334 
gamopctalous, 333 
papilionaceous, 663 
polypctalous, 333 
Correlation of growth, 253-257 
Cortex, of root, 92, 94 

of woody stem, 149, 151-152 
Corymb, 339 
Cotyledon, 349 
Croasulnceae, 664 
Cross, 341 
dihybrid, 384 
Crosa'fertilization, 348 
Crossing over, 390 
Cross-pollination, 341 

methods to insure, 341-343 
Crown gall, 283-281, 503, 504 
Cniciferao, 665 
Crumbs of soil {see Floccuica) 
Crystalloid, 197 
Cucurbitalcs, 670-071 
Cup fungi (see PczUolcs) 
Cuticle, 61, 111 
Cutin, 51 
Cutting, 87 
Cyathaccac, 630 
Cycadalcs, 643-646 
Cycadofilicales, 639 
Cycads (see Cycadalcs) 

Cycas, 643-644 
Cyme, 340 
Cyperaccac, 672-673 
Cyperus papyrus, 672 
Cystocorp, 402 


Cytasc (see Ccllulasc' 

Cytology. 7 

Cyfopla.stn, 38, 30, 47-49, 222 
streaming of, 40 

D 

Dark reaction in photosynthesis. 
123, 124 

Darwin. Charles, 14. 414 
theory’ of. 414-417 
De Bary, 517 

De Vries, theory of, 417, 418 
Deciduous forest, zone of, 430, 431 
Deciduous trees, 143 
DenitriRcation, 78 
Do.smids, 482, 483 
lievelopment, 252-289 
abnormal. 265, 266 
Dextrose, 192 

(<8ee also Glucose) 

Diageotropic response, 302 
Diaphototropic response, 300 
Diastiise, 2(X) 

Diatomaccous earth, 491 
Diatomeac (see Diatoms) 

Diatoms, 490, 491 
Dicarj’on, 521 

Dichotomous branching, 590 
Dicolyledoneae (see Dicotyledons) 
Dicotyledons, 26, 659, 661-672 
DictyosUlium', 510 
Dictyota, 486 

Differentiation, 257-259, 474 
origin of, 450, 451 
Diffusion, 52, 53 
Digestion, 33, 198-201 
enzymes in, 190 
Dimorphism of flowers, 342 
Dioecious plants, 336, 337 
Dioscoridcs, 9 
Diploid plant, 344, 395 
Disaccharosc, 102 
Distribution of plants, 427—444 
problems of, 436-^44 
zones of, 430-436 

Division of labor, in plants, 29, 
450 
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Divisions of plant kingdom, 19, 
22 

“Doctrine of signatures,” 11 
Dominance, in genetics, 374, 375 
Dormancy. 285, 355 
Dorsiventral structure, 208, 200 
Double fertilization, 658 
Drupe, 353 
DnjopUris, 032 
Duct, 157, 653 

E 

Ebcnalcs, 668 
Ecology, 7, 294 
Ecological isolation, 420, 421 
Ectocarpalcs, 484, 485 
Ectocarpus, 484, 485 
Egg, 332, 347, 451, 408 
fertilized, 348 
Elater, 503, 613 

Electricity in morphogenesis, 275 
Electron microscope, 679, 680 
Elodca, meristem of, 238 
Embryo, 349, 634, 639 
Embryo sac, 332, 034, 037 
Embryology, 7 
Endarch position, 158 
Endemic plants, 439, 443 
Endocarp, 353 
Endodermis, of root, 92, 93 
of stem, 152 
Endosperm, 348, 634 
Endosperm nucleus, 347, 058 
Endothecium, 580 
Energy, amount available from sun, 
128 

kinetic, 116, 117, 120, 202 
in photosynthesis, 120-123 
potential, 117, 120, 202 
problem of, 127, 128 
requirement of, per day for man, 
204 

Englcr and Prantl, 12 
Environment, 294-321 
adaptations to, 296 
factor in plant distribution, 427, 
428 


Environment, inorganic, 296 
climatic, 296 
cdaphic, 296 
organic, 206, 310-316 
Enzymes, 199-201 
Ephedra, 649 
Epidermis, 61 
of loaf, 32, 111 
of root, 92 
of stem, 149 
Epinasty, 280 
Epiphyte, 313-315 
Equatorial plate, 228 
Equisetum, 610-614 
Ericales, 668 
Erosion of soil, 82 

methods for prevention of, 82, 83 
Erysiphales, 524, 525 
Ethylene, effect of, on dormancy, 
285 

Etiolation, 269, 271 
Eucalyptus, 666 
EtigUna, 472 
Euphorbiaceac, 605 
Evaporating power of air, 306 
Evolution, 401—423 
evidences for, 402—412 
embryological, 407, 408 
experimental, 411, 412 
from geographical distribution, 
408-411 

geological, 402, 403 
morphological, 406, 407 
taxonomic, 403-^06 
forward steps in, 449—458 
method of, 412, 413 
rate of, 420 
theory of, 17, 18, 401 
Evolutionary history of floras, 428, 
429 

Exarch position, 93, 158 
Exinc, 635 
Exoasents, 520 
Exocarp, 353 

Experiment, method of, 13, 373 
Experimental morphology (sc« 
Morphogenesis) 

Eyespot, in Euglena, 412 
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F 

Factor, genetic, 3GG 
lethal, 387 

Factors in morphogenesi5, various, 
266-288 
Fagaceae, GC2 
Family, 12, 17, 20 
Fasciation, 265 
Fats, 194, 195 
Fatty acid, 104 
Fermentation, of sugar. 208 

(Seealso Respiration, anaerobic) 
Ferns, 25, 617-C32 

economic importance of, 631, 632 
fossil, 630, G31 

Fertilization, 32, 76, 345-348, 464, 
658 

Fertilization tube, 513 
Fibers, 61, 62, 653 
Fibonacci series, 147 
Fibrovascular bundle, 140, 163, 164 
collateral, 163 

in herbaceous stem, 162, 163 
in monocotylcdonous stem, 164 
Fibrovascular cylinder, of root, 92— 
94 

of stem, 149 

Filament, in algae, 465, 474, 478, 
481, 484 
in fungi, 511 
of stamen, 320-331 
Filicalcs, 627, 030 
Filicincac, 627-030 
Fission, 463 
Flagellum, 472 
Flocculcs of soil, 60 
Flora, Antarctic, 437-439 
Australasian, 430, 440 
of Eastern ^Vsia and North Amer¬ 
ica, 4^, 437 
endemic, ‘128, 440 
“Glossoptcris," 440 
insular, 443-444 
Floral dimorphism, 3*12 
Florigcn, 282 
nower, 32, 328-340, G51 
anomophilous, 340 


Flower, of angiosperms, 651 
apetalous, 336 
asepalous, 336 
complete, 336 

economic importance of, 357, 358 

entoinopliilous, 340 

function of, 32 

of gj'mno.sperms, 635 

imperfect, 330 

irregular, 33.5 

naked, 336 

perfect, 336 

pistillate (female), 336 

regular, 335 

solitary, 338 

stuminatc (male), 336 

unisexual, 336 

Foliar end)ryo, in iJryophyllum, 262 
Follicle, 351 
Food, 176, 177, 203 
definition of, 189 
Fool, of Lyropotliutn, 601 
of mo.ss, 554 

Forest, production of plant material 
by. 128 
Forestry, 7 

Formaldehyde, in photosynthesis, 
124 

Fossil, 402 
Fossil record, 460 
Frond, 617 
Fructose, 192 
Fruit, 32, 351 

economic importance of, 358, 359 
parthcnocarpic, 282, 351 
types of, 351-353 
Fucales, 487-489 
Fuchs, IxK>nhnrd, 9 
Fueufl, 487-489 
Fungi, 23, 497-540 
alga-likc {see Phycomycetes) 
bosidia (see Basidiomycetes) 
black (see Pyrenomyeetes) 
coral (see Clavariales) 
cup (see Pczizalcs) 
fleshy, 532 

sac (see Ascomycctcs) 
slime (see Myxomycctcs) 
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Fungi, tooth {see Ilydnalcs) 

Fungus, chestnut-bark, 524 
Fxiniculus, 332, 349 

r, 

Gainetanginm, 48-1, 518 
Oainctes, 325, 327, 451, 470 
female, 451 
male, 451, 630 
Ciamclophvtc, 452 

fomalo, 603, 004, 638, 654 
male, 603, 030, 653 
Gasteromycotes, 536, 537 
Gel, 42 
Gdidiuvt, 494 
Gemma, 549, 601 

Gene frequency, in populations, 419 
in wild species, 422 
Gene map, 390 
Genes, 300 

location of, in chromosomes, 389 
mutation of, 302 
Generation, Fi, 376 
F,, 376 

Generative cell, 345, 636 
Genetics, 7, 370 

and breeding methods, 387-389 
and evolution, 418—423 
Genetic factors, in morphogenesis, 
286-288 

Genotype, 378-380 
heterozygous, 379 
homozygous, 379 
Gentianalcs, 668, 669 
Genus, 19 

Geographical isolation, 420 
Geography, plant, 7 
Geological periods, 405 
Geotropism, 302 
Geraniales, 665 
Germ pore, 346 
Germination, 355 
Gill, of sporophore, 533 
Ginkgo, 420, 646-648 
Girdling of trees, 184 
Gleba, 536 
Gleichcniaceae, 628 


Gliadin, 196 
Globoid, 197 
Glacocapsa, 467 
Glucose, 124 
Glumales, 672, 673 
Glume, 337 
Glutamic acid, 196 
Glutelin, 196 
Gluten, 196 
Glycine, 196 
Glycogen, 466 
Gnetales, 648, 649, 659 
Gnelxim, 649 
Gondwanaland, 440-443 
Grafting, 250 
Grain (see Caryopsis) 

Gramincac, 673 

Grape sugar (see Glucose) 

Grass (sec Gramineae) 

Gravity, as environmental factor, 
302, 303 

as morphogenetic factor, 268, 269 
Grew, 12 

Growing point, 33, 231—233 
lateral, 240-244 
terminal, 233-240 
Growth, 221-248 
cambial, 240 
determinate, 230 
of gourd fruit, 245, 246 
indeterminate, 231 
intercalary, 240 
interstitial, 230 
of leaf, 230, 230 
rate of, 245-248 
relative, 256, 257 
role of, in plant movements, 248 
of root, 235 
unlocalized, 230, 231 
Growth regulators («e« Growth 
substances) 

Growth substances, 276-286 
in abscission layer, 281 
in dominance, 279, 280 
in dormancy, 285 
in flower formation, 282 ' ' 

in inhibition, 279-285 
in parthenocarpy, 282 
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Growth substances, synthetic, 278 
in weed control, 283 
Guard cells, 61, 112 
Guayule, 181, 671 
Guttation, 132, 133 
Gymiiospenns, 26, 633-04‘J 

advances of. over lower Pterop- 
sida, 634 

fossil, 039-643, 645-046 
seed development of, 038 

H 

Halophyte, 307, 308 
Haploid condition, 344, 305 
IlaplomUrittvt, 502 
''Hardening” to temperature, 2U8 
Hardiness, 29U 
Haustorium, 407, 515 
“Hay fever” plants, 671 
Head (of flowers), 339 
Heart wood, 165, 106 
Helvcllales, 524 
Hepaticac, 501-581. 585, 586 
acrog.vnous, 561 
anacrogynoUB, 501 
Herb, 141, 653 
Herbaceous stein, 100-163 
origin of, 100, 101 
Herbalists, 9-11 
Heredity, 300-300 

independent assortment in, 382- 
387 

linkage in, 389-302 
segregation in, 375-382 
Hesperidium, 353 
Hcterocyst, 407 
Heteroccious, 531 
Hcterogamoiis reproduction, 404 
Heterosis, 387 

Hoterosporous reproduction, 003 
Hcterothallic reproduction, 404 
Heterozygous genotype, 370 
Hevea bratUientia, 180, 605 
Hoxosc, 102 
Hilum, of seed, 340 
of starch groin, 103 
Holdfast, 474 


Homologous theor>- of alternation of 
generations, 454 
Homozygous genotype, 379 
Hooke, Ilobcrt, 37 
Hooker, Sir Joseph, 438 
Horizontal brunches, eccentric 
growth in, 273, 274 
llorinogonium, 468 
Hormone, 277 
wound, 277 
Hornworts, 24, 581 
Horsetails, 25 

{See nlso Equiertum) 
Horticulture, 7 
Host, of parasite, 311 
Humus. 75 
Hyaloplasm, 41 
Hybrid, 328 

Hybrid vigor (arc Heterosis) 
Hydalhode, 133 
Hydnnc’ene, 535 
Ilydrodictyon, 473 
Hydrogennsc, 205 
Hydrolysis, 200 
Hydrophyte, 308, 30tl 
Hydroponics, 680 
Hydrotropism, 305 
Hypogynous floral parts, 333, 334 
Hyenia, 015, 616 
Mymenium, 520 
Hymenomycctcs, 432-536 
Ilymcnophyllaccac, 630 
Hymcnoptcra, in pollination, 3*11 
Hypha, 497 
ascogonial, 521 
Hypocotyl, 349 
Hypothesis, 4 

I 

Imbibition, 55 
Inbreeding, 387 

Independent assortment in inberiU 
ance, 382—384 
Indian pipe, 313-314 
Indole>acetic acid, 279 
Indol^butyric acid. 279 
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Indusitim, 621 
Infloroscence, 338-340 
determinate. 340 
indeterminate, 339 
Ingon-IIousz, 13, 117, 207 
Inhcritam-e, physical basis of, 396 
Insectivorous plants, 312-313 
Intofiument of ovule, 347, 634 
Internodc, 144 
Inline, 035 
Imilin, 194 

Invasion of land by plants, 454—457 
Invertase {see Sviorose) 

Involucre, 570, 573 
Ion exchange in absorption by root, 
99 

Iridaccnc, 673 
Irish moss, 494 
Iron in metabolism, 210 
Irritability, 295 
“Island Life,” 439 
Isoctcs, 605—607 
Isogamous reproduction, 464 
Isolation, ecological, 420—421 
geographical, 420 
importance of, in evolution, 420 
reproductive, 422 
Isthmus, of desmids, 482 

J 

Jansen, 36 
Jenner, 502 
Juglandaceac, 662 
Juncaccae, 673 

Jungcrinannialcs, 664-569, 585 
Jussieu, 12 

K 

Kelps {see Laminarialcs) 

Kinetic energy, 116, 117, 202, 203 
Kinctocore, 226 
Kinoplasmic 6brils, 227 
Kinoplasmosome, 241 
Knight, 303 
Koelreuter, 328 


Labiatae, 670 
Lactic acid, 208 
Lacuna in vascular bundle, 164 
Lamarck, theory of, 413-414 
Lamella, middle, 50 
Laminaria, 485—486 
Laminarialcs, 485-487 
Land bridges in plant distribution, 
438 

Latex, 172 

economic importance of, 180-182 
Latex tubes, 172 
Liuiraceae, 662 
I^iws, of inheritance, 368-370 
of science, 4—6 
Leaf, 31, 106-133 

arrangement of, 143-147 
alternate, 145 
opposite, 145 
whorled, 145 
base, types of, 108, 109 
complicate, 567 

compound, palmately, 108, 109 
pinnatcly, 108, 109 
dorsiventral, 114 

economic importance of, 115, 116 
external structure of, 106-110 
functions of, 31 
incubous, 566 

internal structure of, 110-115 
margin, types of, 108, 109 
sessile, 106 

shape, types of, 108, 109 
succubous, 566 
tip, types of, 108, 109 
venation, netted, 108 
parallel, 108 
I^eof gap, 159 
trilacunar, 160 
unilacunar, 160 

Leaf primordium, development of, 
239 

Leaf scar, 144 
Leaf trace, 159 
Leaflets, 108 
Legume, 351 
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Legume family, 79, 604 
Leguminosae, 664 
lycmma, 337 
Lemnaceac, G75 
Lenticel, 147, 150 
Lepidodendron, 607, 608 
Leucine, 196 
lyeucoplast, 48, 193 
Lcvulose, 192 
Lichens, 477, 537-539 
Life, 2 

chunicteristics of, 2 
origin of, 46 
and problems of, 2, 3 
Light, 120-123 

as environmental factor, 29l>-301 
os morphogenetic factor, 269-273 
in photosynthesis, 120-123 
wave length of, 121 
Light reaction, in photosynthesis, 
123, 12-i 
Ingnin, 51 
Lignite, 178 
Ligiile, 602 
Lilinlos, 673, 674 

Limiting factors, principle of, 297 
Linaccac, 665 
Linin, 47 

Linkage, in inheritance, 389 

and chromosome Ihwry, 389-392 
Linkage groups, 389 
Linnaeus, 11, 12 
Lip cell, 623 
Lipase, 200 
Lister, 500 
Liverworts, 24 

{See aleo llcputicac) 

Living organisms os cnvironmcutal 
factors, 310-316 
Lodtcules, 337 
I>ong-day plants, 273 
Ixiranthoccoc, 607 
I^ycopcrdales, 637 
Lycopodium, 697-601 
Lycopsida, 25, 460, 597-608 
economic importance of, 60$ 
fossil, 607, G08 
Lygodiurn, 628 


M 

Magnesium in mclabolLsm, 210 
Magnoliuceae, 002 
Malpighi, 12 
Maltasc, 200 
Mallhus, thi'ory of, 415 
Maltose. 192 
Malvules, 6t»4, 665 
Manganese in tnetabolisin, 310 
Marattialcs, t»26, 627 
Marchantifi, 577-581 
Marchantialcs, 576-581, 586 
.}f<trsiUa, 028 
Marsilcaceac, 028 
Marsupium, 569 

Measurements, use of, in biology, 15 
Mecbanical factors, in niorphogen- 
esLs, 273, 274 
Megnsporangiuin. 003 
Megftsi)orc, 457, t»03, 034 
Mega5i>orophyll, 603, 637 
Mciosis, 344, 3-15, 379, 453 
Mendel, Gregor, 372, 373 
methods used by, 373 
Mendelian ratios, 380-382 
Mendel’s laws, 14, 370-373 
MerLstein, 33, 231 
MerUtematic tis-suc, 60 
Mcsarch position, 618 
Mcsopbyli, 111 

palisade layer, 114 
spongy layer, 114 
Masophyte, 300 
Motui>olisin, 43, 189-215 

role of essential cicinents in. 209, 
210 

role of vitamins in, 210—215 
Metuphuse, 223, 220 
Metaxylem, 63, 159 
Metzgeriuh^, 569-674 , 586 
“ Microgrnphin,” 37 
Microorganisms, in soil, 76-81 
Micropyle, 332, 037 
Microscope, 30 
electron, 679, 080 
Microsjwrangium, 603, 635 
Microsporc, 457, 603, 036 
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Microsporophyll, G03, 635 
Mildews, downy (.^cc Pcronosporales) 
powdery (see Erysiphalcs) 

Mimosa pudica, 304 
Mitochondria, 48 
Mitosis, 222-227 
Molds, 511 

hlack (sff Mucorales) 
blue and green (see Plcctascales) 
water (see Saprolegnialcs) 
Moiiocotyledoneae (sec Monocotyle¬ 
dons) 

Monocotyledons, 26, 659, 672-676 
Monoecious plants, 336 
Monosaccharosc, 192 
Moraccae, 664 
Morels (sec IlclvcUalcs) 
Morphogenesis, 7, 252-289 
factors in, 266-286 
Morphology, 7 
Movements, amoeboid, 507 
autonomic, 296 
due to stimuli, 295-297 
paratonic, 296 
“sleep,” 300 
Mucorales, 517-519 
Mulch, 74 

Multicellular plant, evolution of, 450 
Musaccae, 673, 674 
Musci, 551-561, 584, 585 
origin of, 561 
Mushroom, 533, 534 
Mutation, 392—395, 417 
bud, 395 
frequency of, 418 
Mutation theory, 417-418 
(iSec also De Vries) 

Mycelium, 497 
minus, 518 
plus, 518 

Mycorrbiza, 80, 86 
Myrtales, 666 
Myxomycetes, 507-511 
Myxophyceae, 465—468 

N 

Natural classification, 459 
Natural selection, theory of, 414-417 


Natural selection, theory of, objec¬ 
tions to, 416-^17 
Neck of archegonium, 547 
Nectar, 330 
.Vcmalion, 491 
Ncreocystii, 485 
Nextrospora, 522-524 

genetic segregation in, 523 
Niacin (see Nicotinic acid) 

Nicotinic acid, 211, 212 

NilcUa, 484 

Nitrification, 77 

Nitrogen in morphogenesis, 275 

Nitrogen cycle, 77, 78 

Node, 144 

Nomenclature, binomial system of. 
21 

NostoCf 467 
Nuccllus, 332, 634 
Nuclear sap, 47 
Nucleic acid, 210 
Nucleolus, 47 
Nucleoproteins, 47, 196 
Nucleus, 37, 38, 46-47, 222 
endosperm, 347, 658 
male, 347 
polar, 657 
tube, 345, 636 
{See also Sperm) 

Nut, 353 

Nymphaeaceae, 663 

O 

Ocean life, economic importance of 
690 

Oedogoniuni, 475, 476 ^ 

Oenothera Lamarckiana, 666 
Olcaceae, 669 
Onagraceae, 666 
Oogonium, 476 
Obspore, 464 
Ophioglossales, 625, 626 
Ophioglossum, 625 
Operculum, 554 
Orchidales, 675, 676. 

Order, 19, 20 

Organ-forming substances, 276 



ISDEX 


710 


Orpanir cycle, 191 
Organism. 33, 253, 280 
Organization, in plant dovclopincnt. 
2S9 

Organs, 29, 451 
"Origin of Species,” 14, 414 
Osciiltiloria, 407 
Osmosis, 31, 53-55 
Osmotic pressure, 57 
Osinunda«a‘ae, 028 
Ovary, 329, 331, 651 
compound, 33-1 
Ovule, 332, 458. 031 
Oxidase, 205 

Oxygen, production of, in photosyn¬ 
thesis, 125 

P 

Paleu, 337 
Paleobotany, 7 
Palisiidc layer, 114 
PoIrnuleK, 674 
Pampas, vegetation of, 436 
Pandunneene, 672 
l^atidorina, 471 
Panicle, 340 
Pupavcrnles, 605 
Pa]>pus, 671 

I’araphy.sis, 488, 536, 653 
Parasite, 310-313 
Parenchyma, 60 
Paratonic movementa, 296 
Parthenocarpy, 282, 351 
Pttasage cell, 93 

Paalcur, Louis, 45—46, 500, 502 

Pathology, plant, 7 

Pathogenic bacteria, 502-503 

PedioJttrum, 472, 473 

Pedicel, 328 

Peduncle, 328 

Pellagra, 211 

PenicUlin, 625-526, 682 

Penicillium, 625 

Pepo, 353 

Pepsin, 201 

Peptone, 201 

Perianth. 331, 668 


Peric-arp, 3-51 

IVricycle. economic iini>ortance of. 

179 

of root, 94 
of stem, 152-153 
Peridium, 536 
Perigynium, 508 
Peristome, 554 
Peritheciu'in, 524 
Perono!>j)oralcs. 514-517 
Petal. 32. 329, 330 
epigN’iious, 334 
episcj)alo\is. 334 
hyi»ogynous, 334 
Petiole. 31. 100, 115 
Pczizales, 520-524 
Phueoi)hyecae, 484—189 
Phallaic.s. 537 
Pharnmcology, 7 
Phellogeii (set- C'ork cambium) 
Phloem. 32. 63. 115, 149, 150-155 
eollatcral arrangement of, 163 
economic importam e of, 179 
Phloem liber, 165 
Pho.sj>horus. in metabolism, 210 
in morphogenesis, 275 
Photon. 121 

PhotoperiodLsm, 272, 273 

effect of, on sex expression, 273 
Photosynthesis, 31, 116-125 
baeteriul, 504 
hy-product.s of, 125 
compared with aerobic respin* 
tion, 200 

effect of light intensity on, 123 
cnergj’ used in. 120-123 
materials for, 117-118 
mechanism of, 118-120 
products of, 123-125 
significance of, 126-127 
Phototropism, 277, 300 
Phragmobome, 227 
Phycocyanin, 466 
Phycocr>’thrin, 491 
Phycomycctes, 611-619 
Pbycoxanthin, 484 
Phyllodc, 407, 408 
Phyllogloaium, 601-602 
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Phyllotaxy, 145 
Phylogcuy, 6-7, 14, IS 
Physiology, 7 

Phvtohormoncs {see Plant hornionrs) 

% 

Phylomonas tuimjaciens, 503 
Phytophlhora, 516 
Phytotoiny, 12 
Pilous, 533 
Pilobolus, 510 
Pinaccao, 648 

Pino, life history of, 634—030 
Pine wood, 109, 170 
Piperneeae, 663 
Pistil. 32, 329, 331-332, 052 
compound, 332 
simple, 332 

Pit, bordered, 61, 01, 150 
simple, 51 
Pitcher plant, 312 
Pith, 150, 151-152 
Placenta, 332 
Plains, vegetation of, 431 
Plankton, 465 
Plant associations, 310-321 
Plant “cancer,” 283-284, 503, 50-1 
Plant distribution. 427-444 

environmental factors in, 427-428 
problems of, 430-444 
Plant foods, 189-190 
Plant formations, 430-430 
Plant hormones, 277 
Plant succession, 317-319 
examples of, 318 
Plants, and animals, 2-3 
earliest, 449 

invasion of land by, 454—457 
structures and functions of, 29-31 
Plasma membrane, 48 
Plasmodesinata, 51 
Plasmodium, 40, 507 
Plasmolysis, 57 
• Plastid, 47 
Plectascales, 525-526 
Pliny the Elder, 9 
Plumule, 350 
Plywood, 178 
Polarity, 259-262 
in growth, 261 


Polarity, physiological, 261, 278 
in single cells, 201 
in slime molds, 510 
Polar nucleus, 657 
Polemoniaceac, 609 
Pollen, 331, 633-634, 653, 655 
Pollen chamber, 644 
Pollen grain, 331, 633 
Pollen mother cell, 331 
Pollen sac, 331 
Pollen tube, 346, 634, 635 
Pollination, 340-343 
insect, 341 
wind, 336, 340 
Polygonaccac, 606 
Polypodiaccac, 030 
Polyporaceae, 535 
Polypore, 535 

Polyploidy, effect of, on internal dif 
ferentiation, 287 
Polystphonia, 492 
Pome, 353 

Pond scums {see Conjugalcs) 

Pore of stoma, 61, 112 
Pore space in soil, 69 
Postclsia, 485 
Potamogetohaceae, 672 
Potassium in metabolism, 210 
Potato, 170, CC9 
Prairies, vegetation of, 431 
Priestley, 13, 117 
Primulales, 668 
Procarp, 491 
Procnibryo, 639 
Progamete, 518 
Prolamin, 196 

Proliferation in Saprolegnia, 512 
Promycolivtm, 529 
Prophase, 223, 224 
Protease, 201 
Protective tissue, 61 
Protein, 43, 195-198 
conjugated, 196 
Proteose, 201 
Prolhallial cell, 604, 635 
Prothallus, 354, 623 
Protococcus, 477 
Protonema, 551 
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Protoplasm, 31, 37, 31>-4G 
chemical properties of, 43 
origin of, 44—4G 
physical properties of, 40—43 
Protoplast, 38 

ruliumy ODI 
Prolostclc, 501, CIS 
IVotoxyloin, G2, 04, 158 
Priihing, 250 
Pseudoplusnuxliuni, 500 
Pseudopodiinn, 557 
I^Hcndosporoi'hnuSy 501 
I^silophytale^, 457 
PsHotum, 420, 503-504 
Ptcridopljyta, 20 
Ptorupsida, 20, 4G0, 017^078 
Puc4:inia graminisy 520 
I^ufllKills {see I^ycopcrdales) 
i\vranii<iino, 212 
Pyr<*fJojd, 408 
Pyrcnoniycctcs, 524 
Pyridoxin, 211 
Pyronerna, 521 

Q 

i^uantum of energy, 121 
Quillwort (see Icoclcs) 

II 

liACcme, 339 
UachU, 108 
Uadiclc, 350 
IlaiialcH, 002—C03 
IlanuiicMilaceac, 002 
Raphe, 400 
Uaphido, 48 
Rayon, 178 

Recapitulation in seedlings, 408 
Receptacle, 329, 333 
iu Fucus, 488 
Receasivo character, 374 
Red enow, 471 
Redi, 44 

Reduction divUion (see Moiosis) 
Regeneration, 202-205 
in Bryophytes, 5-18-549 


Uegiilation of structure and function 
to environment, 204 
Reproduction of angiosperms, 325- 
3<i2 

asexual. 325-327 
Reproductive isolation, 422 
Rc*[>r<i<lucl ivc organs, 32 

eronomic iriipuriance of, 357-302 
contracted with vegetative. 325 
Kopiration, 33, 201-204 
aen)l>ic, 201-207 

ooinpnred with |dioto>ynthe>i>, 
200 

luiaorohic, 207-208 
vttvvi of, on absorption hy root, 58 
liberation of heat in, 200 
Response to stimulus, 295-207 
Ueticuluin, 47 
Uhainnacoac, GC7 
Rhizoid, 518 
Rhi/oine, 174 
Uhi/oiiiorph, 534 
Rhi7.ophoraceae, 066 
lUiizophore, G02 
Rhizopus, 517, 518 
Uhodophyecae, 491^194 
RhyniOy 500-591 
Riboflavin, 2t I 
Ricciay 578-581 
Ring-porous condition, 172 
Rwulorioy 408 
Rock weed (sec Fucus) 

Root, 31, 8-1-100 
absorbing region of, 80-92 
absorption by, 97-00 
adventitious, 80-88 
brunobing of, 94-95, 237 
contractile, 100 

ecoiioinie importiinoe of, 95-97 
external stnielure of, 84-89 
fibrous, 31, 8-b 85 
functions of, 31 
growth in length of, 235 
internal structure of, 92-95 
lateral, 85, 237 
priiimr>% 85 
radial Btructurc of, 93 
second ar>% 85 
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Root, storage in, 100 
Root cap, 90 
Root hair, 31, 90-92 
Root pressure, 99 
Rootstock, 174 
Rosales, 063-664 
Rubber. 180-182, 665 
Rubialcs, G70 
Run-off of water, 70 
Riinner (see Stolon) 

Rusts (see Uredinalcs) 

Rutaceac, 665 

S 

Saccharomycctes, 520-527 
Sac fungi (see Ascomycctcs) 

Sachs, 117, 276 
Snlicaceac, 662 
Salviniaceae, 629 
Samara, 353 
Sap cavity (see Vacuole) 

Sap wood, 165, 166 
Sapindales, 667 
Sapotaceae, 668 
SaproUgnia, 512, 513 
Saproleguialcs, 511-514 
Saprophyte, 313, 314 
Saprophytic bacteria, 500-502 
Sargasso Sea, 484 
Sargassum, 484 
Saussure, de, 13, 117, 195, 207 
Savanna, 434 

Sawdust, in ihanufacturo of alcohol, 
127, 688 

Soxifragaceae, 664 
Schizaoaccao, 628 
Schizophyta, 466 
Schleiden, 13, 37 
Schultze, 37 
Schwann, 37 

Scalariform end wall, 158 
Science, 1 

Scion in grafting, 250 
Sclerenchyma, 61 
Scouring rush, 610 
Scrophulariaceae, 669 
Scutellum, 350 


Secretions, oconomic importance of, 
182 

Seed, 26, 32 

of Cycadofilicales, 639-640 
dispersal of, 353-354 
economic importance of, 359-362 
evolution of, 457-458 
germination of, 354—357 
Seed coat, 634 

Seed habit, origin of, 033-634 
Seedling, 355 

Seed plants (sec Spermatophyla) 
Segregation in heredity, 375-382 
SclagincUa, 602—006 
Selection, importance of, in evolu¬ 
tion, 419 

Self-fertilization, 348 
Self-pollination, 342 
Self-sterility, 342 
Scmiccll in desmids, 482 
Scmipermeablo membrane in os¬ 
mosis, 54 

Sensitive plant, 304 
Sepal, 32, 329, 652 
epigynous, 334 
hypogynous, 334 
Seta, 554 

Sexual reproduction, evolution of, 
451^52 

Shade, tolerance to, 301 
Shade plants, structure of, 301 
Shoot system, 67 
Short-day plants, 273 
Shrub, 141 
Sieve pit, 153 
Sieve plate, 63, 154-155 
scalariform, 155 
Sieve tube, 63, 115, 153 
Sigillaria, 608 
Silicon in. metabolism, 210 
Siphonalcs, 478-481 
Siphonostele, 618 
Sleep movements, 300 
Slid^g continents, theory of, 440 
Slime fungi (see Myxomycotos) 
Smuts (see Ustilaginales) 

SoU, 67-83 
acidity of, 81 
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Soil, composition of, 67-75 
cro&ion of, 82 
flocculation in, 69 
modification of condition of, 81-83 
orgaiii<^tns in, 7G-81 
\vatCT-JujI<Ung capacilj' of, 71 
Soil science, 7 
Soil water, tit^-74 

Mihstances dissolved in, 75—71) 

Sol, 42 

Solanaoeae, GGO 
Sorodiuin, 538 
Sonis, 02{)-G22 
Spiulix, 075 
Spuni.^h moss, 073 
Spat he, 075 

•‘Species Plantarum,” 11, 22 
Species, 19 

nuinher of, 17, 448 
origin of, 413 
Spectrum, 121 

absorption hands in, 122 
Sperm, 317, 451, 408 
Bperinagoniurn, 530 
Sperrnatiurn, 530 
SpcrrnatopJiyta, 26, 4G0 
Sphnrn lla, 471 
Sphfwror/irpos, 5-17, 574 
Sphaeroearpales, 674—576, 580 
Sphagiiales, 557-501, 585 
Spfuignum^ 5-15, 557-5G1 
Sphcnophyllalcs, G16 
Sphenopsida, 25, 460, GICM^IG 
economic importai^ce of, GIG 
fossil, G14-G10 

Sphere cr>*stal9 of inulin, 104 
Spike, 330 
Spikclct, 337 
4Spindlo, 225 
Spindle fibcre, 224, 225 
Spirillum, 400, 505 
Spirogyra, 481 
Spongy layer, 114 
Spontaneous generation, 44 
Sporangiopborc, 617, 618, 613 
Sporangium, 468, 608 
cusporaDgiatc, 000 
Icptosporaogiatc, 600 


Sporangium, plunlcHHilar, 48-1 
Spore, 22, 451, 404 
Spore mother cell, 555 
Sporidium. 529 
Sporocarp, 62S 
Sporophore, 532 
Sporopli>'ll, 595 
Sjmropliy453 
Sport. 394 
Stalk cell. G3G 
Stamen, 32, 329. 331, Go I 
epigynoijs, 334 
epipetatous, 334 
episepalous (perigynous^ 334 
hypogyiious, 334 
Starch, 193-104 

formution of, in photo^ynl h<*sis, 
124-125 

Starch gnun.s, 103 
Stem, 32, 1 il-184 

nticent of water in, 182-183 
economic iinportHnc*c of, 176-182 
external atrueture of, 141-149 
functions of, 32 
growing point of, 238 
herbaceous, 1 GO-103 
origin of, IGO-lGl 
internal structure of, 149 
juncture with leaf, 159-160 
leaf firraiigeinent on, 143-147 
modificKl, 173-170 
monocotylcdonous, IG3-1G5 
origin of, 105 
primary tUsuca of, 150 
secondary tissues of, 159 
storage and secret ion in, 172-173 
surface of, 147 

translocation of dissolved sub¬ 
stances in, 183-184 
Steppes, 432, 433 
StercuUaceac, G64 
Sterigma, 527 
Stigma, 329, 331, 651 
Stimulus, 295-297 
Stinkborn (see PhoUalcs) 

Stipe, 486, 533 

Stipule, 108 

Stock in grafting, 250 
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Stolon, 176, 327, 517, 518 
Stoma, 32, 61. 110-113, 456 
Stone cell, 61 
Stone fruit (.<ef Drupe) 

Stonewort (see (’harophyceac) 
Strobiliis, 507, 635 
Struggle for existence, 415, 419 
Style, 329, 331. 651 
Suberin, 5!, 61, 150 
Sucrose, 200 

Suction pressure of cell, 57 
Sugar, 192-193 
cane (.sec Sucrose) 
grape {see Glucose) 

Sugar beet , 90 
Sugar cane, 176, 673 
Sulphur in metabolism, 210 
Sundews, 312, 313 
Sun plants, structure of. 301 
Surface-volume relations in morpho¬ 
genesis, 274 

Survival of the fittest, 415 
Suspensor, 349 
in pine, 639 
in Sclaginella, 004 
Sutvircs of legume, 351 
Symbiosis, 315-316 
Sympctalae, 668-672 
Synangium, 627 
Synapsis, 344 
Synergid, 658 

T 

“Tagged" atoms, 12*1, 184, 679, 682 
Tannin, 178 
Tapetum, 599, 635, 653 
Taproot, 31, 84, 86, 87 
Taxaceae, 648 
Taxonomy, 6 
Teliospore, 529 
Telophase, 226, 233 
Temperature, as en\dronmental fac¬ 
tor, 298, 299 

as morphogenetic factor, 274, 275 
in respiration, 206 
in transpiration, 132 
Temperature coefficient, 298 


Tendril, 173, 304 

Tension, morphogenetic effect of. 

273 

Teratology, 265 
Tetrad of chromatids, 344 
Tetrakaidekahedron, 59 
Tetraploid condition, 286, 394, 395 
Tetraspore, 492 
Thallophytcs, 22, 23, 463-540 
'rhalhis, 22, 403 

Theophrastus, 8 
Theory, 5 
Thiamin, 211, 212 
constituents of, 212 
Thiazole, 212 
Thigmotropism, 303, 304 
ThiothriXy 505 
Tiliaceao, 664 
Tisolius apparatus, 681 
Tissue, 29, 59-63, 451 
primary, 244, 245 
secondary, 244, 245 
Tissue culture, 215, 684 
Tissue regeneration, 205 
Tissue tension, 231, 274 
Tvicsiplcris, 594, 595 
Toadstool, 533 
Tobacco, 116, 669 
Tolerance of shade, 301 
Tooth fungi (see Hydnaceae) 
Topiary, 255 
Torula, 527, 689 
Torus, 156 
Toxin, 502 
Trabecula, 606 
Tracheal cell (see Vessel cell) 
Tracheid, 62, 115, 156, 157 
Trachcophytes, 24—29, 456, 597-078 
origin of, 584 
primitive, 588-595 
Traction, role of, in absorption, 99 
Translocation in stem, 183, 184 
Transpiration, 32, 128-132 
amount of, 129, 130 
cuticular, 129 

effect of temperature on, 132 
rate of, 131 

significance of, 131, 132 
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Trees, 141 

deciduous, M3 
Trichogyne, 491, 521 
Trichomo, Gl 
Triple fusion, Go8 
Tropical agriculture. 12R, CS8 
4Vopi<*al vegetat ion, zone of, 434, 
435 

rropisins, 295, 309. 302 
*l'ropophyt4*s, 309 
'FrulHcs (.Vir' 4*ulier:ilrs) 

Trunk, 142 
Tryj)siri, 201 
rryplopliain*. 190 
Tube nucleus, 345, 030 
Tuber, 174, 327 
Tubcrales, 524 

'Fuborclt's, produccMl by nitrogeri- 
Oxing bucferiii, 78 
'Fubiflorales, TKiO, G70 
I'urgor, 57 
Tyloses, 100 
'lypbaeeae, 072 

U 

Ulmaceao, OG-l 
Ulolricimles, 47^78 
Ulcthrix, 474 
Ulva, 477 
Umbel; 3-10 
compound, 340 
Umbellnles, 007-008 
Uniformity of iiuturo. 5 
Unit cluiractcrH, 373 
Urcdinnle^, 529-532 
Uredosporo, 520 
Urticaceac, GGS 
UfttUagumh^, 528-529 

V 

Vaccination, 502 
Vacuolar membrane, 48 
Vacuole, 39, 49 
Vallecular canal, G12 
VaUmia, 479 
Valves of diatoms, 490 


Van Ilclmoni, 117 
Vanilla, 070 
\’ariaiion, 3G8 
\’aricty, 21 

VasScular cryptogams {see Pterido- 
phyta) 

\*aseular plants (yn Iraclicophyta^ 
X'ascular r>l-ti3 

Vauefu ria, 478-479 
V’cgetalion, types of. 430-430 
\*egftal i\a' act i\'it ir^, 32 
Vein of leaf, 32, 100. HI. 111-115 
\*entcr of archt'goniuin. 547 
\'crhenaeeae, 070 
N’ernulizat ion, 275 
\’e>'< l, 157, 053 
Vessi‘| cell, 02. 115, 157 
Waujs's Hylrap, 312 
\‘iriis, 505-507 
riltcral>le, 40, 505 
tobacco mosaic, 50G 
N'itaeeae, ti07 
Vitamin A, 120, 211 
\'ilamin H group, 211 
Vitamin C, 211 

Vitamins in metaboliMii, 210-215 
Volva, 533 
Volvocales, 4G9 -473 
VoW, 471, 472 

Wallace, 439 
Wall prc'ssure, 57 

Wiirin-teniperate vegotution, zone 
of, 133 

Water, absorption of, by root, 97-99 
action of, in soil, G9-74 
o^seent of, in stem, 182-183 
capillary, 70-71 
capillary rise of, 72-73 
as environmental factor, 305-310 
gravitational, 70 
hydrostatic, 70 
hygroscopic, 74 

importance to plants of, 128-130 
as morphogenetic factor, 2G6-2GS 
percolating, 70 
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Water, run-ofT, 70 
Water ferns, 628 
Water requirement, 131 
Water table, 70 
Wegener, theory of, 441-442 

6-t9 

\\'heat rust, 529 
Whorl, 145 
\\'ood, 32 

economic importance of, 177-179 
heart. 165, 166 
oak,171 
pine, 169, 170 
sap, 165, 166 
sections, 166-168 
radial, 166, 167 
tangential, 167, 168 
transverse, 166 
spring, 165 
structure of, 165-172 
summer, 165 
Wood alcohol, 178 
Wood fiber, 157 


Wood pulp, 178 
Wood ray, 158 
Woody stems, 149-160 

X 

Xanthophyll, 119 
Xorophyte, 306-307 
Xylom, 61, 115, 149, 155-158 

Y 

Yeasts, economic importance of, 527. 
689 

(Sec abo Saceharomycetes) 

Z 

Zinc in metabolism, 210 
Zoology, 2 
Zoosporangium, 512 
Zoospores, 464, 468 
Zygote, 327, 451 
Zymase. 205 
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